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Abstract 
Hypohydration can impair the performance of exercise, and fluid balance is therefore 
of importance to athletes. This thesis aimed to investigate factors regarding fluid 
losses and gains, with a view to the performance of exercise. 
Chapter 3 investigated the effect of ingesting 600ml of hypotonic and hypertonic 
glucose solutions on blood, plasma and red cell volume in resting individuals. 
Ingestion of 6% and 12% hypertonic glucose solutions showed evidence of a transient 
decrease in blood and plasma volume possibly due to fluid movement into the 
intestinal lumen from the body. There was also a suggestion that ingestion of a 2% 
glucose solution increases blood and plasma volume in comparison to a 0% glucose 
solution. 
The ingestion of CHO-electrolyte drinks (6% and 8.2% CHO) as compared to water, 
improved running time to exhaustion during an incremental shuttle running protocol 
following four fifteen minute bouts of intermittent shuttle running. There was also a 
suggestion that motor skills performance was better maintained when the CHO-
electrolyte drinks were consumed in comparison to when water was ingested (Chapter 
4). 
Two methods of sweat collection were used to investigate the effect of increased 
environmental temperature on sweat composition during exercise in Chapter 5. 
Regional sweat collection was found to produce higher sweat electrolyte 
concentration values than a whole body wash down method, but the values obtained 
from the two methods were moderately well correlated. Sweat sodium, potassium and 
chloride concentration as measured by the whole body wash down method were found 
to be higher when the environmental temperature and sweat rate was higher, while 
only sodium and chloride concentrations were found to be higher by the regional 
collection method. 
Sweat losses and fluid intakes in elite football players during training were examined 
in Chapter 6. The major findings were that football players exhibit a wide range of 
fluid intakes and sweat losses even during the same training session. Therefore there 
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is a wide variation in fluid balance of players at the end of a training session. Thirty-
one players from the eighty-five tested finished training with hypohydration to an 
extent that may have put them at risk of experiencing impaired exercise performance 
in the environmental conditions under which they were studied. 
Chapter 7 assessed the effect of rehydrating following exercise induced dehydration 
with drinks differing in sodium chloride concentration. The effectiveness of 
rehydration was proportional to the sodium chloride concentration of the drink, and 
drinks containing 40 mmoVI or 50 mmoVI sodium chloride were significantly more 
effective at restoring net fluid balance 4 hours following the end of the rehydration 
period. This, however, had no effect on exercise time to exhaustion in a high-intensity 
exercise test performed at the end of the rehydration period. 
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Chapter \. Introduction 
Chapter 1 
General Introduction 
Chapter I Introduction 
1. 1 Body water - overview 
The major constituent of body mass in the non obese human is water, representing an 
average 60% of body mass. The average 70kg male contains 42 litres of water but this 
will vary between individuals, due largely to differences in body composition (Sawka, 
1992). Muscle tissue is approximately 80% water while adipose tissue is only 
approximately 10% water (Geigy, 1962), therefore individuals with a higher percentage 
body fat will contain relatively less body water in comparison to a lean individual. As 
men tend to be more muscular and have less body fat than women, a greater proportion of 
body mass is water in males than in females. 
Total body water is divided into two main compartments: the extracellular fluids and the 
intracellular fluids. The intracellular compartment is the larger of the two representing 
approximately two thirds of total body water, while the extracellular compartment makes 
up the remaining one third of body water (Astrand, 2003). The extracellular compartment 
can be further divided into the interstitial fluid surrounding the body cells, and the plasma 
in the circulation. Interstitial fluid represents approximately 75% of the extracellular fluid 
while plasma makes up the remaining 25%. Therefore in an average 70kg man 
intracellular fluid, interstitial fluid and plasma are approximately 28, 10.5 and 3.5 litres 
respectively (Astrand, 2003). 
The state when body water is in balance is known as euhydration, and body water is 
controlled around this state (Greenleaf, 1992). The process of losing water is known as 
dehydration and will result in the body becoming hypohydrated. Hypohydration is the 
state where the body contains less than the normal amount of water. Increasing body fluid 
towards the euhydrated level from a hypohydrated state is known as rehydration. If 
further fluids are added to the body in the euhydrated state the body will contain greater 
than the normal amount of fluids and this state is known as hyperhydration. When resting 
in temperate conditions body water should fluctuate around a state of euhydration due to 
the close control of hydration status. It has been reported that in temperate resting 
conditions body water is regulated within 0.22% of euhydration (Greenleaf, 1992). To 
remain in a state of euhydration body water gains and losses must be equal. The 
2 
Chapter 1 Introduction 
following sections deal with the routes and physiological processes involved in the loss 
and gain of body water. 
1.2 Body Water Losses 
1.2.1 Overview 
The body is constantly losing water through a variety of routes: through urine production, 
through the skin (through insensible water loss and through sweating), during respiration 
and in faeces. Insensible water loss occurs as water from the deep tissues moves to the 
skin and then evaporates, and is an unregulated passive process amounting to 
approximately 500ml per day (Maughan, 2000). Water is lost through the lungs during 
respiration as the air entering the lungs from the external environment on inspiration 
carries with it some water from the lungs on expiration. The amount of water lost via this 
route depends to some extent on the temperature and humidity of the inspired air, but is 
estimated to account for 300ml per day in a moderate climate (Maughan, 2000). There is 
a large movement of water daily into the gastrointestinal tract and most of this water is 
reabsorbed in healthy humans, but loss of water in the faeces has been reported to be 100 
- 200ml per day (Astrand, 2003; Geigy, 1962). Humans suffering from diarrhoea will 
experience significantly greater faecal water losses. Large amounts of liquid faeces are 
lost during diarrhoea, and dehydration and electrolyte imbalance are often the result 
(Tortora and Grabowski, 1993; Field, 2003). The routes of water loss described so far are 
passive and are not under any active regulation by the body. In healthy humans the two 
major routes of water loss from the body are through urinary losses and sweating, both of 
which are active processes under regulation by complex physiological systems. As these 
processes are the most important avenues of water loss with respect to maintenance of 
fluid balance they will be described in greater detail in the following sections. 
1.2.2 Body water loss through urine 
At rest in normal temperate conditions sweat losses will not contribute a significant 
amount to body water losses, therefore in the euhydrated healthy human the major route 
of water loss in these conditions is through the excretion of urine. Control of the volume 
of urine excreted is the main system by which the body is able to regulate fluid loss on a 
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day to day basis. The inner workings of the kidneys provide a complex and elegant 
system allowing production of urine ranging in osmolality from under 100mOsmlkg to 
over l200mOsmlkg while the solute load excreted remains unchanged (Shirreffs and 
Maughan, 1998a). The following sections provide an overview of fluid excretion as 
controlled by the kidneys. The level of understanding of this process has been reached 
gradually over many years and consequently the volume of work contributing to this 
understanding is out with the scope of this thesis. 
The main functional units of the kidneys are the nephrons, which facilitate the filtration 
of blood passing through the kidneys and are the site of control of urine volume. The 
nephron consists of the renal corpuscle, where plasma is filtered and the renal tubules 
where the plasma filtrate passes and is subject to various processes of modification due to 
the physiology of the walls of the tubules. The renal corpuscle consists of a bundle of 
capillaries known as the glomerulus which is surrounded by the glomerular capsule. 
Plasma flows into the glomerular capillaries through the afferent arteriole, and as it flows 
through the capillaries of the renal corpuscle it is filtered out through the highly 
permeable capillary walls. The filtrate includes water, ions, glucose, amino acids, 
vitamins and many other molecules, however plasma proteins are generally too large and 
do not pass into the glomerular capsule. From the glomerular capsule the filtrate flows 
into the renal tubule, where the filtrate is modified by a series of processes to produce the 
urine that eventually passes, via the collecting duct, to the bladder for excretion. The 
volume of plasma filtered is approximately 120 mllmin or 170 l/day (Zambraski, 1990), 
and as this is roughly fifty times greater than the volume of plasma contained in the body 
it is obvious that the vast majority of the fluid filtered is reabsorbed in the renal tubules. 
The process by which the fluid and solutes are reabsorbed by the body is due to the 
anatomical and physiological characteristics of the kidney. The system has been termed 
countercurrent multiplication and was initially described in the 1950's and 1960's 
(Gottschalk and Mylle, 1959; Morgan and Berliner, 1968). The initial segments of the 
tubule (the descending portion of the loop of Henle) have been shown to be highly 
permeable to water and sodium in isolated rabbit renal tubules (Knepper and Burg, 1983). 
As filtrate moves through the proximal convoluted tubule solutes (sodium, potassium, 
4 
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glucose, amino acids etc.) are actively transported out of the tubule by transporters on the 
membrane walls, and water follows by osmosis. In the descending portion of the loop of 
Henle the tubule walls are permeable to water but relatively impermeable to solutes. The 
surrounding interstitial fluid becomes increasingly hypertonic towards the distal end of 
the descending loop of Henle and therefore water moves into the interstitium by osmosis. 
The ascending limb of the loop of Henle is impermeable to water but contains 
transporters for sodium, chloride, potassium and other electrolytes. Therefore as the 
filtrate moves up the ascending limb of the loop of Henle the osmolality decreases. On 
entry to the distal convoluted tubule 80 - 90% of the fluid has been reabsorbed from the 
filtrate and it is hypotonic to body fluids. The process of water reabsorption described so 
far is not under physiological control and has been described in order to present the full 
picture of urine formation. The filtrate then continues into the collecting duct portion of 
the renal tubule and it is here that the major control of urine volume is elicited. The main 
area of interest for this thesis is in the control of urine output in response to changes in 
hydration status, as it is in this area that the process is open to manipulation in order to 
influence fluid balance. Control of urine formation is described in the following section. 
1.2.3 Control of urine production in response to changes in hydration status 
Vasopressin 
Maintenance of fluid balance through control of urine output in response to hydration 
status is regulated largely through circulating hormone levels. Vasopressin (anti-diuretic 
hormone) has long been implicated in the regulation of urine output. Vasopressin is 
released in response to an increase in plasma osmolality or to a decrease in blood volume. 
Osmoreceptors situated in the cerebrospinal fluid monitor the osmolality of the ECF and 
an increase in osmolality stimulate vasopressin transcription in the para ventricular 
nucleus and the supraoptic nucleus areas of the hypothalamus. Vasopressin release is 
from the posterior lobe of the pituitary, and circulates in the bloodstream, mainly 
affecting the tubules of the kidneys and the smooth muscle of blood vessels. Vasopressin 
release is also stimulated by decreased blood volume as peripheral baroreceptors act 
through afferent pathways on the vasopressin secreting cells in the hypothalamus. The 
threshold at which hypovolaemia has been reported to elicit vasopressin release has been 
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reported to be between 10 and 20% of blood volume (Antunes-Rodrigues et aI., 2004; 
Share, 1988), while it has been reported that in normal standing humans a diuretic blood 
volume reduction of 6% was shown to increase plasma vasopressin (Antunes-Rodrigues 
et aI., 2004). Plasma vasopressin concentration increases with increasing plasma 
osmolality (Geelen et aI., 1984). Vasopressin release results in a decreased urine output 
through its actions on the collecting ducts of the juxtamedullary nephrons of the kidneys. 
When plasma vasopressin levels are low, the collecting ducts are relatively impermeable 
to water. Therefore the dilute filtrate that enters the collecting ducts from the distal 
convoluted tubule passes through the collecting ducts and a large volume of dilute urine 
is passed to the bladder for excretion (Maughan, 2000). 
As previously described, circulating vasopressin levels increase III response to 
dehydration. Vasopressin increases the water permeability of the collecting duct 
(Grantham and Burg, 1966; Wall et aI., 1992) and water is reabsorbed by osmosis from 
the renal tubule. The increase in permeability of the apical membrane of the collecting 
duct cells involves the insertion of water channels into the membrane. These water 
channels are known as aquaporins and several have been identified in the kidney 
(aquaporins 1-4, (Knepper, 1997). Aquaporin-2 is stored in vesicles in the cytoplasm of 
the collecting duct cells in rats (Yamamoto et aI., 1995). Aquaporin-I is situated in the 
proximal tubules and in the thin descending limbs, aquaporin-2 is found in the apical 
membrane of the collecting ducts, while aquaporins-3 and -4 are found in the basolateral 
membrane of the collecting ducts (Knepper, 1997). As the collecting ducts are known to 
be the site of regulation of the permeability of the renal tubules, and because the rate 
limiting step of the process is the movement of water across the apical membrane, 
aquaporin-2 was suspected to play a key role in the varying permeability of the collecting 
ducts. Subsequent studies have shown aquaporin-2 to be increased in the apical 
membrane of the collecting duct cells in response to vasopressin in vitro (Nielsen et aI., 
1995) and in rats (Yamamoto et aI., 1995). In the euhydrated state vasopressin levels are 
low: 1.5 - 2.0 pg/ml (Geelen et aI., 1984; Wade, 1984), and aquaporin-2 is mainly 
contained within vesicles in the cytoplasm of the collecting duct cells (Agre et aI., 2002). 
When vasopressin is released it binds to V2 receptors on the basolateral membranes of 
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the collecting duct cells and causes the translocation of aquaporin-2 to the apical 
membrane (Knepper, 1997). Therefore, in response to vasopressin binding, the water 
permeability of the collecting duct walls is greatly increased (3 - 10 times) and water 
moves from the renal tubule lumen to the blood by osmosis (Inoue et aI., 2001). When 
hyperhydrated the circulating vasopressin levels have been reported to decrease below 
the basal levels at euhydration (Share, 1988). Therefore due to the effects of vasopressin 
humans are capable of producing urine of widely varying volume and concentration. 
Indeed Shirreffs and Maughan (1997) report that assuming an average daily solute load 
of 600 to 800 mOsmol and a range in urine osmolality from lOO to 120OrnOsmlkg the 
daily urine volume could range from 500ml to 13 litres. 
The renin-angiotensin system and aldosterone 
The second major system by which fluid balance in humans is regulated is the renin-
angiotensin. system. The renin-angiotensin system responds to changes in circulating 
blood volume and body sodium content and regulates sodium output by the kidneys. Due 
to the close relationship between sodium reabsorption in the kidneys and water 
reabsorption by osmosis the renin-angiotensin system also affects fluid balance (Lote, 
1994). 
Renin is stored in the juxtaglomerular apparatus of the kidney and release is triggered in 
several ways. When blood volume falls, baroreceptors in the carotid bodies cause release 
of renin from the afferent arterioles of the kidneys by increasing sympathetic nerve 
signals to these vessels. Changes in blood pressure in the afferent arterioles of the 
kidneys also cause renin release, possibly due to a decreased stretch of the walls of the 
arterioles. Renin secretion from the juxtaglomerular cells is stimulated by a decrease in 
the delivery of NaCI to the macula densa cells as resulting from a decreased blood 
volume (Lote, 1994). 
Renin is an enzyme, and on release acts on a large protein produced in the liver, 
angiotensin, producing a second protein, angiotensin I. As angiotensin I passes through 
the lungs, it is acted on by angiotensin converting enzyme, which converts angiotensin I 
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to angiotensin II. Angiotensin II has a variety of effects, the general result of which is to 
retain sodium and water in the body. The effects of angiotensin II release are 
summarised in figure 1.2.3.1. 
Figure 1.2.3.1 Summary of the effects of Angiotensin II release. 
Vasopressin release 
~ Vasoconstriction / 
Angiotensin n-------i.. Increased sodium 
/ 
reabsorption at 
Aldosterone release 
Thirst 
the proximal 
tubule 
Angiotensin II acts directly on the proximal tubule to increase sodium reabsorption, and 
also results in the release of the hormone aldosterone from the adrenal cortex. The 
primary effect of aldosterone in the kidneys is to increase sodium reabsorption from the 
lumen of the renal tubules in the collecting duct region. The luminal membrane becomes 
more permeable to sodium and therefore the activity of the Na + K+ -ATPase pumps at the 
basolateral membrane promotes increased movement of sodium from the lumen of the 
renal tubule across the collecting duct cells. Increased reabsorption of sodium by these 
processes facilitates increased water reabsorption. 
In addition angiotensin II results in release of vasopressin which will further increase 
body water conservation as described in the previous section. In summary, therefore, 
angiotensin II release will result in the conservation of body sodium and water to restore 
blood volumelblood pressure (Antunes-Rodrigues et aI., 2004). 
8 
Chapter I Introduction 
ANP - Atrial Natriuretic Peptide 
As discussed previously, vasopressin and the renin-angiotensin system are released in 
response to a decrease in body water and sodium content and an increase in plasma 
osmolality, as occurs during dehydration. It is just as important for maintenance of fluid 
balance that the body responds to situations where fluid in the body is excessive. Atrial 
natriuretic peptide (ANP) is a hormone which is secreted by the cells of the atria of the 
heart in response to stretching of the atrial walls. Therefore ANP is released from the 
cardiac muscle fibers of the atrium in response to increased blood volume mediated by 
cell stretch (Antunes-Rodrigues et aI., 2004; Inoue et aI., 200 I). The main effect of ANP 
on the kidneys is to increase both sodium and fluid output in response to increased blood 
volume (Brenner et aI., 1990). ANP has been shown to increase glomerular filtration rate 
and blood flow in the kidneys, but Brenner (1990) suggests that this may not have a 
significant effect on changes in renal excretion. ANP has been shown to decrease the rate 
of sodium and chloride absorption in the collecting ducts of the renal tubule. It has been 
shown in vitro that ANP inhibits NaCI reabsorption in the collecting ducts of rats 
(Nonoguchi et aI., 1989) and rabbits (Zeidel et aI., 1986). A decrease in NaCI 
reabsorption will result in natriuresis and diuresis as water remains in the collecting duct 
due to the increased sodium content of the filtrate. 
It has also been suggested that one action of ANP may be to reduce the action of 
vasopressin in the collecting ducts, thereby further increasing the output of water if some 
vasopressin is present (Inoue et aI., 2001). 
Other factors affecting urine output 
The maintenance of fluid balance through unne output is a complex process which 
responds to changes in body fluid volume and tonicity. The responses outlined above are 
the major hormonal routes of regulation. The interaction of these systems may be 
significantly more complex than described, and in addition many other factors, such as 
nervous control, other natriuretic peptides, and neural control, are involved in the 
integrated response to changes in hydration status. Comprehensive reviews of the micro-
organisation of the kidney (Knepper and Burg, 1983), neuroendocrine factors affecting 
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control of fluid output (Antunes-Rodrigues et aI., 2004), and honnonal actions on the 
collecting ducts of the kidneys (Inoue et aI., 2001), are available in the literature. 
1.2.4 Body fluid loss through sweating 
During exercise, heat production in the working muscle is greatly increased due to the 
inefficiency of the metabolic pathways that fuel muscle fibre contraction. As blood 
passes through the exercising muscle heat is transferred to the blood and is carried back 
to the body core. It has been suggested that the majority of the heat produced in the 
working muscles is transferred to the core by this process, but Gonzalez-Alonso et al. 
(1999) reported that only 35 - 40% of the metabolic heat produced in the working 
muscles of the leg during cycling was transferred to the body core. The increase in core 
temperature during exercise is a function of the balance between the heat produced by the 
exercising muscles and the heat that can be lost from the body. The increase in core 
temperature during exercise has been shown to be directly related to the relative intensity 
of the exercise (Davies et aI., 1976), and in conditions of compensable heat stress the rate 
of increase in core temperature will reach a plateau. When core temperature is at a 
plateau heat gain and heat loss are in balance. Therefore, all other things being equal, heat 
loss must increase in line with exercise intensity ifheat balance is to occur. 
Heat can be lost from the body by two major routes that are under physiological control. 
The first main route of heat loss from the body that is under control by the 
thennoregulatory systems of the body is through redistribution of blood flow to the 
peripheral circulation, where heat is lost from the wann blood to the surroundings. This 
route is only effective when the environmental temperature is moderate, as at high air 
temperatures the temperature gradient from skin to the environment may be reversed 
(Maughan, 2000). The second route of heat loss under thennoregulatory control, 
especially important if environmental temperatures are high, is increased sweat rate. The 
following section will consider aspects of the physiology and control of sweating at the 
whole body level, and at the cellular level. 
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Control of thermoregulatory sweating 
The preoptic area of the hypothalamus is reported to be the site of body temperature 
regulation. Core temperature is controlled around a 'set point' and exercise results in core 
temperature rising to a value above this set point. On initiation of exercise there is a 
period where there is no measurable increase in sweat rate as core temperature begins to 
rise. When swcating is initiated sweat rate increases in relation to increasing core 
temperature (Nadel et aI., 197Ib), until a maximum sweana:te is reached. The number of 
sweat glands recruited during exercise has been shown to follow this pattern, with the 
number of active sweat glands increasing in proportion to the oesophageal temperature 
between the threshold temperature for initiation of sweating and a maximum number 
(Buono, 2003). 
The sweating response to exercise induced hyperthermia is centrally controlled at the 
hypothalamus, but the response is modified by several factors. Skin temperature is known 
to have a modulatory effect on the regulation of sweating in response to increased core 
temperature. Increased skin temperature has been reported to decrease the threshold core 
temperature at which sweating begins, and to provoke greater local sweat rate for a given 
core temperature (Nadel et aI., 197Ia). 
Sweating response also seems to be modified by hydration status. The increase in core 
temperature during exercise has been shown to increase in proportion to the level of 
dehydration during exercise (Montain and Coyle, 1992; Montain et aI., 1995). Prolonged 
exercise generally results in decreased blood and plasma volume, and increased plasma 
osmolality and sodium concentration, and all of these factors have been reported to affect 
thermoregulation. Increased plasma osmolality (Fortney et aI., 1984; Harrison et aI., 
1978; Takamata et aI., 2001), decreased blood volume (Fortney et aI., 1981), and the 
combined effects of the two (Sawka et aI., 1989) have been reported to decrease the 
thermoregulatory sweating response by increasing the threshold temperature at which 
sweating is initiated and/or decreasing the sweat rate for a given level of 
thermoregulatory strain. Teleologically, it makes sense that in situations where body 
fluids are at normal levels fluid will be used to maximise cooling, but when dehydrated 
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water must be conserved to defend plasma volume. Therefore sweat rate is decreased 
when plasma volume is threatened by dehydration. 
Sweat Composition 
Despite appearing on the surface of the skin, it is relatively difficult to accurately 
measure the composition of sweat, and a variety of sweat collection methods have been 
employed over the years to attempt to overcome the difficulties involved. Investigators 
have attempted to estimate whole body sweat composition from regional collection, or to 
directly collect and measure whole body sweat. Methods of sweat collection used have 
been open to error thorough contamination, impracticality, and problems regarding the 
modification of local sweat rate and composition due to the artificial conditions resultant 
from the collection procedures (Shirreffs and Maughan, 1997). 
Collection of sweat from regional sites around the body has been employed usmg a 
variety of collection methods. Most involve the collection sweat by enclosing an area of 
the skin in an impermeable bag (Collins, 1962; Kozlowski and Saltin, 1964; Malhotra et 
aI., 1976; Palacios, 2003), capsule (Nadel et aI., 1971a; Nadel et aI., 1971b), or 
impermeable patch (Boysen et aI., 1984; Brisson et aI., 1991; Patterson et aI., 2000). The 
impermeable bag generally involves the enclosure of the whole forearm, while the 
capsule and patch methods involve collections from smaller areas at various sites around 
the body. Estimation of whole body sweat composition from regional collection sites 
results in higher values than measured by whole body collection. Patterson et al. (2000) 
found that the mean sweat sodium concentration was 38.3 ± 20.8 and 38.6 ± 20.9 mmolll 
from eight and four regional sites, compared to 24.1 ± 15.0 mmol/l for a whole-body 
collection. The value for sodium concentration obtained by the whole-body method was 
lower than at any of the regional sites (forehead, chest, scapula, lower back, abdomen, 
hand, thigh, calf and foot). It is suggested that this may be due to the effect of the 
restriction of evaporation and the effect of the procedure on local sweating rate (Nadel et 
aI., 1971 b; Shirreffs and Maughan, 1997). Barrueto (1959) attempted to overcome this 
difficulty by circulating air over the collection area. However, significant differences are 
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found between regions of the body in measured sweat composition (Patterson et aI., 
2000; Shirreffs, 2003). Patterson et al. (2000) found the range of mean sodium 
concentrations in the sites described above to be from 24.3 ± 13.1 mmolll at the foot to 
56.7 ± 28.9 mmolll at the forehead. Therefore care must be taken when interpreting sweat 
composition values from regional collection methods. 
Due to the difficulties described above in estimating whole body sweat rate and 
composition from regional collection, investigators have attempted to collect all the sweat 
produced from the body. Some of these methods have involved enclosing the body in 
plastic bag (Vellar, 1968), or electrolyte free cotton clothes (Palacios, 2003), however 
these methods do not include sweat produced from the neck up, and collection during 
exercise is unfeasible. Shirreffs and Maughan (1997) developed a whole body sweat 
collection method that can be used to collect whole body sweat during cycle ergometer 
exercise. This method has been demonstrated to be reliable and reproducible, but the 
mode of exercise is limited and the procedure must be performed in the laboratory. 
Therefore in order to attempt to combine the accuracy of the whole body method with the 
convenience of regional collection, Patterson et al. (2000) developed correlations to 
estimate whole body sweat losses from regional collections by combining the methods of 
Shirreffs and Maughan (1997) with those of Boysen et al. (1984) and Brisson et al. 
(1991). It was reported that regional collections could be well correlated with whole body 
sweat composition for Na + and cr but not for K+ or lactate. 
Sweat composition has been measured by a variety of methods as described above. Sweat 
electrolyte composition reported in the literature shows significant differences between 
studies. This is probably in part due to the differences in collection method as discussed 
previously, but also reflects the large interindividual differences in sweat composition 
observed when collection method is constant (Shirreffs, 2003). Generally, the major 
electrolyte concentrations of sweat are considered to fall within the range shown in table 
1.2.4.1. 
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Table 1.2.4.1. Sweat composition and electrolyte composition of the fluid compartments 
of the body (mmol/l) (Maughan, 1992). 
Sweat Plasma ICF 
Sodium 20-80 BO-l35 10 
Potassium 4-8 3.2-5.5 150 
Calcium 0-1 2.1-2.9 0 
Magnesium <0.2 0.7-1.5 15 
Chloride 20-60 96-110 8 
Bicarbonate 0-35 23-28 10 
Phosphate 0.1 - 0.2 0.7-1.6 65 
Sulphate 0.1- 0.2 0.3-0.9 10 
Effects of sweating on body fluids 
The rate of sweat secretion is a highly individual response and will increase as exercise 
intensity and environmental temperature increase. Sweat rates during exercise can range 
from less than 1 Ilhour during moderate exercise in cool conditions to over 3 Ilhour 
during intense exercise in a warm environment (Sawka, 1992). 
On initiating exercise, there is a movement of fluid from the vascular compartment to the 
extravascular compartment (the intracellular and interstitial compartments). This results 
from an increase in osmotic pressure due to the metabolites produced in the contracting 
muscle cells, and to an increase in capillary pressure causing an increase in filtration of 
water from the capillaries (Mohsenin and Gonzalez, 1984; Sjogaard et aI., 1985; Sjogaard 
and Saltin, 1982). When sweating is initiated, body water is lost and is derived from all 
fluid compartments of the body. The major electrolytes of both sweat and the 
extracellular fluids are sodium and chloride (Maughan, 1992). As sweat is hypotonic to 
the body fluids, sweating results in an increase in plasma sodium and chloride 
concentration because proportionally more water than electrolytes is lost from the 
extracellular fluids. A second consequence of the electrolyte profile of sweat and 
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extracellular fluid is that comparatively more fluid is lost from the extracellular 
compartment than the intracellular compartment (Costill et aI., 1976; Nose et aI., 1988). 
Nose et al. reported that the ratio of plasma water loss to total body water loss was 0.11 ± 
0.02, and that this is 60% higher than would be expected if the proportion of water loss 
was equal between body water compartments. While the proportion of water lost from the 
plasma is greater, it is clear that as the plasma volume represents less than 10% of total 
body water, the absolute volume of water lost from the other compartments is greater 
(Costill et aI., 1976; Nose et aI., 1988). As sweating causes an increase in plasma 
osmolality due to the hypotonic nature of sweat, water is drawn into the intravascular 
compartment by osmosis. Nose et aI., (1988) reported that the change in plasma 
osmolality during moderate intensity exercise in warm conditions was significantly 
correlated with the change in intracellular volume (r = -0.738). This suggests that water 
moves from the intracellular compartment to defend plasma volume during exercise 
induced sweating. 
Physiology of sweat production 
The functional unit of sweat production at the skin surface is the sweat gland. Three 
different types of sweat gland are evident in humans: eccrine, apocrine and apoeccrine 
sweat glands. Apocrine sweat glands produce a thick, viscous secretion sporadically and 
in a small volume and is therefore considered to be insignificant to fluid and electrolyte 
balance (Quinton, 1987). Apoeccrine sweat glands develop in the axillae in humans 
during puberty and can represent up to 45% of the sweat glands in the adult human 
axillae (Sato et aI., 1987). The apoeccrine sweat gland can produce copious amounts of 
sweat, reported to be greater than the eccrine sweat glands of the axillae (Sato and Sato, 
1987). The composition of apoeccrine sweat is similar to that of eccrine sweat (Sato and 
Sato, 1987). The vast majority of the literature concerning thermoregulatory sweating in 
humans focuses entirely on eccrine sweating, and while apoeccrine sweat production may 
contribute significantly to sweat production in the axillae region, it is likely that its 
contribution to overall sweat rate and fluid balance is limited (Sato, 1992). Eccrine sweat 
glands produce large amounts of sweat and are the main gland involved in 
thermoregulatory sweating. The number of eccrine sweat glands in human skin has been 
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estimated to be 2 to 3 million, distributed in varying density over the body (Sato, 1992). 
As stated, the vast majority of scientific study on thermoregulatory sweating has 
concerned eccrine sweat gland production and the following summary will therefore be 
focussed on eccrine sweat production. 
Structure of the eccrine sweat gland 
The eccrine sweat gland consists of an elongated tubule and can be divided into two 
functionally and morphologically distinct sections: the secretory coil and the reabsorptive 
duct. The secretory coil is a tubule closed at the proximal end and is situated in the 
dermis layer of the skin, while the reabsorptive duct tubule extends distally through the 
dermis and opens out onto the epidermis of the skin. The walls of the tubule of the 
secretory coil portion of the sweat gland are made up of three cell types. The outer layer 
of the secretory coil consists of a myoepithelial cells, which may function to provide 
structural support for the walls of the secretory coil (Sato et aI., 1979). The other two cell 
types are known as clear and dark cells (or agranular and granular (Quinton, 1987». 
Clear cells are the site of the secretion of water and electrolytes, while dark cells may be 
involved in the secretion of glycoproteins (Yanagawa et aI., 1986). 
The proximal section of the reabsorptive duct is coiled and is close to the secretory 
section of the tubule, while the distal section extends straight towards the epidermis. The 
reabsorptive duct consists of a tubule formed by a double layer of cells which may 
function as a syncytium in the reabsorption of water and electrolytes as described later 
(Quinton, 1987; Sato, 1992). 
Physiology of eccrine sweat secretion 
Sweat secretion appears to be stimulated by effects on the hypothalamic temperature 
regulation area as previously described. There are obvious difficulties in studying the 
mechanisms of human sweat secretion at the cellular level in vivo. Therefore much of the 
work has been carried out on the isolated simian eccrine sweat gland, which is believed to 
be a good model for the human eccrine sweat gland (Toyomoto et aI., 1997). Eccrine 
sweat glands respond in vitro to stimulation of cholinergic, a-adrenergic and i3-adrenergic 
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receptors (Sato, 1992). Stimulation has been reported to result in an increase in cytosolic 
Ca ++ in the clear cells of the secretory coil (Sato, 1992). The increase in cytosolic Ca ++ 
has been purported to be the trigger for sweat secretion, though others have reported that 
stimulation of ~-adrenergic receptors may result in a calcium independent, cAMP 
mediated secretion (Quinton, 1987). In vitro, initiation of sweat secretion by cholinergic 
and a-adrenergic receptor agonists is dependant on a supply of extracellular Ca ++, while 
stimulation of ~-adrenergic receptors is less affected by extracellular Ca ++ (Sato and Sato, 
1981). Sweat secretion has also been shown to be initiated by factors that enhance 
intracellular cAMP, and therefore this may represent a separate mechanism of sweat 
secretion. Quinton (1987) suggests that there may be two distinct mechanisms which 
respond either to a rise in intracellular Ca ++ via cholinergic and a-adrenergic receptors, or 
via ~-adrenergic receptors mediated by cAMP. It is unclear the extent to which these 
mechanisms interact in humans in vivo, but the ratio of secretory rates in vitro after 
stimulation of the cholinergic, a-adrenergic and ~-adrenergic receptors is approximately 
4:2: I in monkey eccrine sweat glands in vitro (Sato and Sato, 1981). This suggests that 
cholinergic stimulation of sweat secretion appears to be the most prominent in vivo, and 
the current consensus is that the mechanism of cholinergic secretion is similar to the Na-
K-CI cotransport model, as described in epithelial tissues (O'Grady et aI., 1987). 
The following is a summary of the proposed mechanism of the Na-K-CI cotransport 
model, with pertinent studies cited where possible. 
In response to stimulation by cholinergic and a-adrenergic stimulation, Ca ++ channels are 
opened and extracellular Ca ++ flows into the secretory cell, inciting the secretion process 
possibly by generating some other excitatory signal (Sato and Sato, 1988). The change in 
intracellular Ca ++ opens Cl' channels in the luminal membrane and K+ channels in the 
basolateral membrane, resulting in rapid movement of KCI out of the cell. It has been 
reported that this movement of electrolytes results in a decrease in cell size as water 
moves out of the cell to maintain cell osmolality (Takemura et aI., 1991). Movement of 
KCI out of the cell through the open channels provides a chemical gradient which 
stimulates Na-K-CI cotransporters that have been reported to exist on the basolateral 
17 
Chapter I Introduction 
membrane (Toyomoto et aI., 1997). The Na + that enters the cell is then recycled back 
across the basolateral membrane by Na+/ K+-ATPase pumps, while K+ also moves back 
across the basolateral membrane through the calcium dependant K+ channels. This 
process provides the driving force for the movement of cr out of the cell across the 
luminal membrane into the lumen of the sweat gland. This movement of chloride 
provides the electrochemical gradient which causes Na + to diffuse into the gland lumen 
through Na + penneable intercellular junctions (Sato, 1992). Water presumably follows 
the electrolyte movement down the osmotic gradient into the sweat gland lumen to make 
up the initial (pre-reabsorption) sweat fluid. 
Stimulation of secretion by the {3-adrenergic pathway seems to result in a cAMP mediated 
opening of cr and K+ channels similar to that of cholinergic stimulation (Sato and Sato, 
2000). However, it has been reported that cAMP may also stimulate the Na-K-Cl 
cotransporters and the N a +/ K+ -ATPase pumps, resulting in a decreased net efflux of cr 
and K+ compared to cholinergic stimulation (Sato et aI., 1991). This suggests that the 
mechanism of sweat secretion due to {3-adrenergic stimulation may be similar to that of 
cholinergic stimulation, but the magnitude of the movement of electrolytes may differ 
between the two systems. 
There is good evidence that the Na-K-Cl cotransporter model plays an important role in 
the sweat secretion process, but there is evidence that other mechanisms may also play a 
role. Following a comprehensive review of the literature, Sato (1992) describes a system 
where Na+ and cr entry into the secretory cells involve parallel Na+lH+ and CrIHC03 
exchangers. In this model Na + is transported across the basolateral membrane by Na +/H+ 
transporters, the H+ being derived from H2C03 in the cytosol. The remaining HC03 - from 
the H2C03 cotransports cr across the basolateral membrane (Cr/HC03 exchanger). The 
H2C03 being derived from the carbonic anhydrase mediated conversion of H20 and CO2. 
The initial secretion IS known as the pnmary sweat and has been reported to be 
essentially iso-osmotic with the plasma (Bijman, 1987). As it is well known that the 
sweat produced at the skin is hypotonic to the body fluids it is clear that the primary 
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sweat undergoes modification as it moves from the secretory coil to the surface of the 
skin. The following section details the processes involved as the primary sweat moves 
through the eccrine sweat gland duct. 
Reabsorption in the eccrine sweat duct 
Primary sweat undergoes modification as it passes through the eccrine sweat gland duct. 
The primary function of the reabsorptive duct is the conservation of a portion of the NaCI 
that was required to drive the movement of water into the sweat duct. Sweat NaCI 
concentration has been shown to be related to sweat rate in regional sweat collection 
(AlIan and Wilson, 1971; Costill, 1977; Sato and Dobson, 1970) and in the isolated sweat 
gland (Bijman and Quinton, 1984), though this has not been reported by all investigators 
(Patterson et aI., 2000). Increasing sweat NaCl concentration with increasing sweat rate 
has been explained as a function of the decreased contact time of the sweat to the 
reabsorptive processes in the sweat duct. 
The main process by which NaCI reabsorption occurs in the duct is thought to be driven 
by Na+/ K+-ATPase pumps situated at the basolateral membrane of the duct. Na+ then 
moves into the duct cell from the lumen through Na channels in the luminal membrane. 
The K+ that enters the duct cell across the basolateral membrane, in exchange for the Na +, 
leaks back across the basolateral membrane through K+ channels. Chloride channels in 
both the apical and basolateral membranes allow cr to follow Na + out of the lumen and 
across the duct cells down the electrochemical gradient (Bijman and Quinton, 1984; 
Quinton, 1986). 
The Na+/ K+-ATPase driven process described above is generally thought to be the main 
route for NaCI absorption at high sweat rates, but recent evidence has shown that at low 
sweat rates luminal cr concentration may fall to levels where the electrochemical 
gradient for chloride would reverse and favour cr secretion. Indeed the electrochemical 
driving force for chloride movement out of the sweat duct lumen was found to be 
reversed when luminal chloride concentration was reduced to 15 mmol/I in isolated 
human sweat glands (Reddy and Quinton, 1994). This finding suggests that other 
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transport processes may be involved in chloride reabsorption, especially at low luminal 
cr concentrations. 
It has been suggested that CrIHCOl· exchange may facilitate continued cr absorption at 
low luminal cr concentrations (Reddy and Quinton, 1994). Cr/HCOl· exchangers in the 
basolateral and apical membranes of the duct cells facilitate chloride absorption. H+ 
pumps in the apical membrane may drive this process by establishing an electrochemical 
gradient for HCOl· to enter the lumen. In the lumen the H+ and the HCOl· forms H20 and 
CO2, which then pass back into the cell and recycle to H+ and HCOl· through the action 
of carbonic anhydrase. In support of this theory the apical membrane of duct cells has 
been shown to contain H+ -ATPase pumps (80vell et aI., 2000; Granger et aI., 2002) and 
the cytoplasm contains abundant carbonic anhydrase (Reddy and Quinton, 1994). In 
order for this system to function, the cr channels must be closed to prevent cr leaking 
back into the lumen. There is evidence that low luminal cr may result in acidification of 
the duct cell cytoplasm, and that this modulates the closing of the chloride channels 
(Reddy et aI., 1998), though there does not appear to be a consensus in the literature as 
others have reported low luminal cr resulted in alkalinisation of the cytoplasm (Granger 
et aI., 2003) 
There is also evidence that H+ transport at the basolateral membrane may be linked to 
Na+, and that this may play a role in the regulation of the acid-base status of the duct cell 
(Granger et aI., 2003). 
The above section discusses the cellular processes that effect the composition of the 
sweat that reaches the skin surface. Sweat composition exhibits large variability between 
individuals and can change within an individual in response to both acute and longer term 
factors. The sweat composition that can be measured at the skin surface is detennined by 
both the cellular processes of secretion and absorption, and the combination of a range of 
external factors as discussed in the following section. 
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Factors affecting sweat composition 
The previous sections have outlined the cellular processes involved in producing the 
sweat that is measured at the skin surface. Sweat rate and composition in humans has 
been shown to be highly variable between individuals (Maughan, 2000), within 
individuals between regions of the body (Patterson et aI., 2000; Shirreffs et aI., 2003), 
and even within individuals at the same collection site (Cage and Dobson, 1965). The 
final sweat composition can be influenced by a variety of other factors, including 
individual variation in sweat gland size and number, sweat rate, heat acclimation, and 
training status. The following section gives an outline of the effect of these factors on 
sweat composition. 
Sweat composition has been reported to be affected by sweat rate, probably due to the 
amount of time the primary sweat is in contact with the reabsorptive processes as it 
passes through the sweat duct. Sweat sodium concentration has been shown to increase as 
sweat rate increases (Allan and Wilson, 1971; Cage and Dobson, 1965; Costill, 1977), 
presumably as less sodium is reabsorbed. This association is not always observed 
however, Patterson et aI., (2000) found no strong relationship between any sweat 
constituent and sweat rate when data from several different skin regions was pooled. The 
authors suggest that this may be due to the variations in sweat rate between regions due to 
sweat gland recruitment and secretory rates. 
Individual sweat gland activity varies considerably between individuals. Sato and Sato, 
(1983) studied sweat rates in vivo and in isolated human sweat glands by cholinergic 
stimulation. Perhaps unsurprisingly, maximum sweat rates in vivo were well correlated 
with maximum sweat rates in the isolated sweat glands (r = 0.93). Substantial variation 
was measured in the physical size of the sweat glands between individuals. Larger sweat 
glands were associated with a higher overall sweat rate, a higher sweat rate per unit 
volume of the secretory coil and increased sensitivity to cholinergic stimulation. The 
authors also reported that three of the subjects were non-athletic, and described 
themselves as 'poor sweaters', while the remaining eight subjects were described as 
average to good sweaters during physical activity. Those described as poor sweaters 
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showed lower sweat rates both in vivo and in vitro, lower sensitivity to cholinergic 
stimulation and smaller gland size. This observation may be linked to the reported 
changes in thermoregulatory sweating due to physical training. 
Physical training has been reported to increase the sweating response to exercise. The 
response of sweat glands to peripheral stimulation in trained and untrained individuals 
have been studied in males and females (Buono and Sjoholm, 1988). Trained males and 
females were shown to exhibit increased sweat production in response to peripheral 
stimulation, and sweat rate was significantly correlated with maximum oxygen uptake. 
This suggests that trained individuals have increased glandular secretory function. 
Physical training has also been shown to decrease the temperature threshold at which 
sweating is initiated (Nadel et aI., 1974; Shvartz et aI., 1979). Total body sweat rate has 
been shown both to increase and decrease with physical training (Taylor, 1986). It may 
be that decreased whole body sweat rate sometimes reported is a function of the 
decreased temperature threshold for initiation of sweating. This may allow better 
thermoregulation in the initial stages of exercise and therefore decrease the amount of 
sweat required for thermoregulation in the latter stages of exercise. It is also possible that 
the decreased sweat rate reflects a lower relative intensity of exercise following physical 
training. 
Heat acclimation and acclimatisation are known to have significant effects on sweat rate 
and composition (Armstrong and Maresh, 1991), and these contribute to the improved 
exercise performance in hot conditions following these processes. Heat acclimation is 
associated with increased sweat rate (Avellini et aI., 1980; Chen and Elizondo, 1974; 
Hofler, 1968; Kirby and Convertino, 1986; Nadel et aI., 1974; Wyndham et aI., 1976), 
and a decrease in the core temperature threshold for sweat initiation (Roberts et aI., 1977; 
Shvartz et aI., 1979). Interestingly, heat acclimation in monkeys has been shown to cause 
an increase in sweat gland size (volume) and sweat rate following 9 months of heat 
exposure. Further study found little evidence of sweat gland hypertrophy in response to 
three weeks of heat acclimation in humans (Sato et aI., 1990), but it may be that a longer 
period of heat acclimation would result in human sweat gland hypertrophy. 
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As previously discussed the increased sweat rate associated with heat acclimation may be 
expected to result in an increase in the sodium concentration of sweat. In contrast to this 
expectation, acclimation has been shown to decrease the sodium concentration of sweat, 
possibly due to the body attempting to conserve sodium (Allan and Wilson, 1971; Kirby 
and Convertino, 1986). It has been postulated that the decreased sodium concentration is 
due to an increased reabsorption in the sweat ducts, mediated by the honnone 
aldosterone. Kirby and Convertino, (1986) reported that following 9 days of heat 
acclimation sweat sodium excretion had decreased significantly, but that aldosterone was 
unchanged at rest and decreased during exercise compared to the first day of acclimation. 
This result was unexpected and the authors suggest that sweat glands may become more 
responsive to aldosterone with acclimation. Sweat sodium concentration during heat 
acclimation when consuming diets high and low in sodium has been investigated 
(Allsopp et aI., 1998). Aldosterone was found to be increased when consuming the low 
sodium diet and decreased on the high sodium diet in comparison to a medium sodium 
control diet. Sodium reabsorption increased on all diets, but the increase was largest on 
the low sodium diet. This suggests that aldosterone may have a role in potentiating 
sodium reabsorption in situations where a sodium deficit is occurring. 
This section has dealt with the process of eccrine sweat secretion In response to 
thennoregulatory strain. It is clear that sweat secretion is a complex process involving the 
integration of the cellular processes under neural and honnonal influence. The sweat rate 
and composition can be influenced by a variety of factors, and the final sweat 
composition will reflect the balance of the effects of all these factors on glandular 
secretion and movement through the duct. 
Section 1.2 of this introduction has concerned the routes of fluid and electrolyte loss from 
the body at rest and during exercise. For nonnal function, lost fluids, nutrients and 
minerals must be replaced. The following section considers this process. 
23 
Chapter I Introduction 
1.3 Body water gains 
1.3.1 Control of water intake 
The body can gain water from three main sources: through drinking of fluids, absorption 
of the water component of the food ingested, and water produced as a by-product of some 
of the metabolic reactions in the body. In order for fluid balance to be maintained fluid 
losses must be matched with fluid gains. Therefore in situations where fluid losses are 
increased, such as when sweat losses are large during athletic training and competition, 
fluid gains must be increased concomitantly. Athletes in training will gain a greater 
absolute volume of water through metabolic production than the sedentary population 
due to the increased energy expenditure, and water intake from food may be increased 
due to the increased energy intake of athletes. However, it is likely that these increases in 
water intake will be relatively small, and will not compensate for the increased fluid loss 
through sweating, especially in a warm environment. In such circumstances, the fluid 
deficit must be made up through an increase in fluid intake. 
The entry of water into the body is influenced by many factors. The amount of fluid 
consumed depends on factors concerning the palatability of the drink, including taste, 
temperature, carbonation, electrolyte content and mouth feel (Passe, 2001). Ingested fluid 
must be absorbed into the body before it becomes functionally useful. Therefore the rate 
at which fluid enters the body following ingestion can be of importance to hydration 
status and exercise. The rate of entry into the fluid compartments of the body following 
ingestion depends on the rates of gastric emptying and intestinal absorption. The 
following section concerns the processes involved in the intake and absorption of 
carbohydrate-electrolyte solutions. 
Hormonal control of drinking and Thirst 
The desire to consume fluid depends on the interaction of several factors, and may be 
influenced by physiological stimuli, but also through social and psychological elements 
(Hubbard, 1990). Much of the fluid ingested throughout a normal day is taken at times 
dictated rather more by habit than any feelings of a strong desire to drink. For example, 
large amounts of fluid are usually ingested with meals (Phillips et aI., 1984), and drinks 
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such as tea and coffee are often drunk habitually. In the context of this review it is more 
important to discuss the factors that may play a role in increasing fluid intake to meet the 
fluid balance demands of increased water loss through sweating. 
Thirst has been described simply as 'the desire to ingest water' (Nadel, 1993) and is 
developed in response (in part at least) due to the interaction of physiological factors. 
Physiological thirst seems to be initiated by the region of the hypothalamus concerned 
with fluid balance. This area may be stimulated by osmoreceptors in response to changes 
in plasma osmolality, stretch receptors in the atria of the heart in response to changes in 
blood volume, and oropharyngeal factors (Nadel, 1993). Infusion of hypertonic solutions 
into the bloodstream has been shown to result in an increase in feelings of thirst and 
increase plasma vasopressin concentration in humans (Phillips et aI., 1985; Zerbe and 
Robertson, 1983). The study of Zerbe and Robertson (1983) suggested that the increase 
in thirst and vasopressin release was due to the increase in plasma osmolality per se, and 
was not specific to an increase in plasma sodium concentration. There is also evidence 
that blood volume may play a role in thirst and drinking behaviour. Isotonic 
hypovolaemia induced by diuresis has been shown to induce drinking behaviour in pigs 
when blood volume was decreased by about 7% (Anderson and Houpt, 1990). Evidence 
for the role of changes in blood volume has been provided by immersing hypohydrated 
humans in water at 34 - 35°C in order to increase central venous pressure. Water intake 
appears to be suppressed in moderately hypohydrated humans when immersed in cool 
water (Kravik et aI., 1984; Sagawa et aI., 1992). This phenomenon has been attributed to 
the increased central venous pressure causing reduced firing of atrial baroreceptors, and 
therefore reduced sensation of thirst. Unreplaced sweat losses from the body will result in 
an increase in plasma osmolality and decreased blood volume, and both of these factors 
are likely to initiate the thirst response. While an increase in plasma osmolality of 2 - 3% 
has been reported to initiate thirst, blood volume may be decreased by up to 10% before 
thirst is initiated. It has been suggested that this is due to the need for the thirst control 
mechanism to allow for the normal daily fluctuations in blood pressure unrelated to fluid 
balance (Maughan, 2000). 
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Thirst may also be influenced by other peripheral factors such as dry mouth and viscous 
saliva (Brunstrom, 2002), though this may play a greater role in the cessation of drinking, 
than in its initiation. 
The same hormonal systems that function to reduce urine output in the hypohydrated 
state may mediate the thirst response. Due to the fact that vasopressin and the hormones 
of the renin-angiotensin system are intimately involved in the control of fluid balance 
through renal output, it is difficult to separate their role in the initiation of thirst. The 
effect on thirst of direct infusion of these hormones into the blood has been inconclusive 
so far (Greenleaf, 1992). 
When provided with fluids following dehydration, humans tend to drink an amount of 
water insufficient to replace lost fluids before feeling satiated (Rolls et aI., 1980). In that 
study subjects drank 65% of the total amount of fluid consumed within the first 2.5 
minutes of drinking suggesting that this response may not be centrally mediated. Thirst 
and plasma vasopressin in hypematraemic humans have been reported to be suppressed 
in the first five minutes after the initiation of drinking. Presumably most of the fluid 
consumed would still be contained within the gut at this point, and indeed there was no 
difference in plasma osmolality at this time (Thompson et aI., 1987). This suggests that 
neither the osmoreceptors nor the baroreceptors were involved in the reduction in thirst. 
Figaro and Mack (1997) allowed hypohydrated subjects to rehydrate ad libitum following 
exercise in the heat. In one trial the ingested fluid was removed from the stomach as fast 
as it was ingested with the use of a nasogastric tube. It was reported that subjects drank 
only 15% more when the fluid was removed from the stomach than in the control trial, 
suggesting that oropharyngeal factors play a significant role in reducing the drive to 
drink. 
1.3.2 Gastric emptying of ingested fluids 
Whilst in the stomach and the intestinal lumen, ingested materials are effectively still 
outside of the body. On ingestion, materials pass into the stomach, which functions as a 
short term store and regulates entry of materials into the small intestine. The rate of 
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gastric emptying can therefore dramatically affect the rate at which ingested fluid enters 
the body. 
The two factors that have the largest effect on gastric emptying are the volume and the 
caloric content of the ingested fluid (Murray, 1987). Stomach distension and pressure 
stimulate gastric emptying and therefore the greater the amount of fluid in the stomach, 
the greater the gastric emptying rate (Costill and Saltin, 1974; Hunt and Macdonald, 
1954). This is true when gastric volume is 600ml or less, however it has been observed 
that gastric emptying is slowed when 800ml was ingested relative to a 600ml bolus 
(Costill and Saltin, 1974). It is possible to stimulate large rates of gastric emptying by 
ingested a large bolus and then consuming small amounts frequently to maintain a large 
stomach volume, thereby maintain a high rate of gastric emptying (Noakes et aI., 1991). 
Rates of gastric emptying are also highly dependant on the nature of the fluid consumed. 
The most important factor regulating the rate of emptying of an amount of fluid from the 
stomach is the energy content of the ingested solution. Generally, the rate of gastric 
emptying has been shown to decrease as the energy content of the ingested fluid increases 
(Murray, 1987). Water (or saline) has no caloric content and has been consistently shown 
to empty at faster rates than carbohydrate solutions. The decrease in gastric emptying rate 
has been shown to decrease in proportion to increasing carbohydrate content (Costill and 
Saltin, 1974; Leiper, 1991; Mitchell et aI., 1989; Vist and Maughan, 1994). However, in 
these studies the amount of carbohydrate delivered to the small intestine was the same as 
(Costill and Saltin, 1974), or greater than (Leiper, 1991; Vist and Maughan, 1994) the 
amount delivered by the fluids with lower carbohydrate concentration, despite the lower 
volume of fluid emptied. 
Vist and Maughan (1994) showed that glucose solutions of 40 and 60g/l slowed the rate 
of gastric emptying compared to water, while a 20g/l glucose drink emptied at a similar 
rate. The findings of Leiper et al. (\991) also suggested that a glucose content of 50g/1 is 
enough to slow gastric emptying in comparison to water, though others have reported that 
a 45g/l solution emptied at a similar rate to water (Rehrer et aI., 1992). Indeed, some 
27 
Chapter I Introduction 
investigators have reported that carbohydrate concentrations of 60 - 70 g/I do not 
significantly effect the rate of gastric emptying (Murray et aI., 1999; Murray et aI., 1997; 
Seiple et aI., 1983). These differences may be the result of differences in the methods of 
measurement or in the type of carbohydrate used, but the carbohydrate concentration at 
which gastric emptying rate begins to slow remains to be definitively elucidated. 
Nevertheless, it is clear that the energy content of an ingested solution is a strong 
regulator of gastric emptying rate, and that gastric emptying rate decreases with 
increasing carbohydrate content. 
Beverage osmolality has also been suggested as a regulator of gastric emptying rate 
(Costill, 1990). Initially osmolality was thought to play a major role in the regulation of 
gastric emptying; though this was due in part to the fact that osmolality is often linked to 
energy content. The effect of solution osmolality on gastric emptying has been studied by 
using carbohydrate polymers to alter osmolality whilst maintaining similar energy 
contents. Vist and Maughan (\995) demonstrated that increased solution osmolality does 
seem to slow gastric emptying rate at high energy contents, but that energy content is a 
more potent regulator. 
Exercise has been observed to influence rates of gastric emptying in some cases. It has 
often been assumed that exercise of an intensity <70% of V02 max will not have an effect 
on gastric emptying, while exercise increasing exercise intensity will reduce gastric 
emptying due to catecholamine release and decreased blood flow to the gut (Gisolfi, 
2000; Murray, 1987; Shi and Gisolfi, 1998). Intermittent exercise may involve exercise at 
intensities both above and below 70% V02 max and has been shown to decrease the rate of 
gastric emptying during intermittent cycle ergometer exercise (Leiper et aI., 200 I a) and 
during intermittent sport play (soccer) (Leiper et aI., 200Ib). 
Gastric emptying may also be affected by other factors such as hypohydration, body 
temperature, drink temperature, pH, and menstrual cycle. These effects are considered to 
be relatively minor compared to the effect of the factors discussed above, and will not 
therefore be discussed further (Murray, 1987). 
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1.3.3 Intestinal absorption of ingested fluids 
Following emptying from the stomach the ingested fluid passes to the small intestine. It is 
here that water and solute absorption take place, and therefore the factors which 
determine the rate of intestinal absorption are of great interest when considering fluid 
balance. 
In normal humans 9 litres of fluid enters the intestinal lumen per day, consisting of 
approximately 2 litres of ingested fluid, 1.5 litres of saliva, and 5.5 litres of secretions 
from the gastrointestinal tract (Gisolf, 1990). As only lOO - 200ml of this daily fluid load 
is excreted in the faeces in healthy humans, it is clear that the intestinal tract has a large 
capacity for fluid absorption. Water absorption is intimately linked to solute movement 
across the intestinal wall and therefore this section will discuss these processes with the 
focus on the major constituents of sports drinks (water, carbohydrate and electrolytes). 
Water transport in the small intestine is an entirely passive, bi-directional process driven 
mainly by movement down osmotic gradients. Therefore the initial effect of fluid entry 
into the small intestine depends largely on the tonicity of the ingested fluid. The 
osmolality of the contents of the intestinal lumen is normally around 270 - 290 
mOsm/kg, and is therefore isotonic to the plasma (Leiper, 1998). When a fluid enters the 
lumen of the small intestine, water movement across the luminal walls occurs down the 
osmotic gradient, resulting in the osmolality of the ingested fluid moving towards 
isotonicity with the body fluids. Hypotonic solutions will result in movement of water 
into the body from the intestinal lumen, but hypertonic solutions will cause a transient 
loss of water from the body as it is secreted into the intestinal lumen down the osmotic 
gradient (Fordtran et ai., 1961; Leiper and Maughan, 1986; Ryan et ai., 1998). This fluid 
will be reabsorbed further down the intestinal lumen, but it is clear that in situations 
where rapid fluid absorption is desired, markedly hypertonic solutions should be avoided. 
This description of the initial events when fluid passes into the small intestine is 
complicated by the finding that fluid absorption is faster from isotonic carbohydrate 
electrolyte solutions than it is from water (Leiper, 1998). This is thought to be due to the 
movement of electrolytes from the body moving down the concentration gradient into the 
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intestinal lumen when plain water is ingested, and thereby dragging water into the lumen. 
This demonstrates the close association between water, electrolyte and solute uptake in 
the small intestine. 
Sodium transport from the small intestine to the body fluids occurs by several pathways. 
An osmotic gradient is established by the active extrusion of sodium ions out of the small 
intestine cell into the body by Na +/K+-ATPase pumps. Sodium enters the luminal cells by 
three main routes. Due to the removal of sodium from the cells by the sodium pumps, 
sodium ions are able to simply diffuse across the luminal membrane. There may be a 
degree of paracellular solute drag allowing sodium to pass between cells into the 
paracellular space. Sodium is1also actively transported across the luminal membrane into 
the luminal cells. Sodium seems to be co-transported with chloride ions, probably in 
exchange for H+ and HCO)·. An important component of the system of absorption in the 
small intestine is the co-transport of sodium with glucose. By these routes sodium is 
transported into the luminal cells of the small intestine and is then transported into across 
the basolateral membrane into the body (Gisolfi, 1990; Murray, 1987). 
It is well established that glucose enhances the absorption of water across the small 
intestinal wall (Gisolfi, 1990; Murray, 1987). The mechanism by which this phenomenon 
occurs has been the subject of debate in recent years. It has been reported that the Na+-
glucose co-transporters (SGLTI) cannot account for the rate of glucose transport across 
the luminal wall observed in vivo. This was due to the fact that Na +-glucose co-
transporters have been reported to saturate at a glucose concentration of 30 - 50 mmol/l, 
while glucose absorption continues to increase in vivo at concentrations several times as 
large as this value (Kellett, 200 I). It had been suggested that this was due to glucose 
initiating physical changes in the shape of the cytoskeletal elements in the cells of 
intestinal walls, and thereby opening the tight junctions between cells and allowing 
solvent drag through paracellular channels (Pappenheimer, 1990). In recent years, 
however, this theory has been challenged, and it has been suggested that paracellular 
routes of glucose fluxes may account for only 1 - 2% of total glucose uptake 
(Cheeseman, 2002). Glucose and fructose exit the intestinal wall cells into the body 
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through facilitative glucose transporters in the basolateral membrane (GLUT 2 
transporters). These transporters have recently been shown also to exist at the luminal 
membrane when luminal glucose concentration is high, and this has .Ied to the 
formulation of a new theory describing the route of glucose across the intestinal walls 
(Kellett, 200 I). It has been suggested that when glucose enters the intestinal lumen, it is 
transported into the cell through the SGLT! transporters. This results in the insertion of 
GLUT 2 transporters into the luminal membrane of the intestinal wall cells and this 
allows the rate of absorption of glucose to rise dramatically without any major changes in 
paracellular movement of glucose. It has been suggested that the GLUT transporters have 
a low conductance for water and thereby allow passive movement of water down the 
osmotic gradient out of the intestinal lumen. 
The exact mechanisms by which glucose and sodium are transported from the intestinal 
lumen into the body may remain unclear, but it is well established that water absorption is 
facilitated by the transport of glucose and sodium across the intestinal wall, and that these 
processes themselves are linked (Schedl et aI., 1994). Indeed, water flux in the small 
intestine has been shown to be correlated with the carbohydrate and sodium fluxes (Shi et 
aI., 1994). 
1.3.4 Other factors affecting fluid intake 
The previous sections have demonstrated that the composition of the fluid consumed can 
have dramatic effects on the rate at which the fluid is able to enter the fluid compartments 
of the body. In a laboratory setting where drink volume can be prescribed the rate at 
which the fluid is absorbed is paramount to the effectiveness of the fluid replacement. In 
a practical setting, however, the volume of fluid consumed is down to the preference of 
the individual. Therefore when considering the most effective means of fluid replacement 
in the fields of athletics, or for workers prone to large fluid losses, it is important to 
ensure that sufficient volume of fluid is ingested. If the volume of fluid ingested is very 
small compared to the magnitude of fluid losses then the rate at which the fluid enters the 
body becomes largely academic. It is for this reason that attention must be paid to other 
aspects of fluids which may affect the volume of intake. These factors are largely 
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concerned with the hedonistic appeal of the fluid, i.e. the palatability, taste, and 
temperature of the drink. This section will briefly discuss the effects of some of these 
factors on fluid intake. 
In a practical setting it is important to ensure that the drink is palatable to ensure that 
large volumes can be consumed willingly. There are several variables which can affect 
the liking for a particular drink; such as drink flavour, temperature, texture, and level of 
carbonation (Passe, 200 I). Beverage flavour preference has been shown to affect the 
volume of fluid consumed ad libitum during exercise (Passe et aI., 2000). In that study 
forty-nine subjects first taste tested a range of flavours of a sports drink to determine their 
most and least favourite drink. The subjects then performed three 180 minute cycling 
bouts during which either their most favourite drink, least favourite drink or water was 
consumed ad libitum. Subjects drank significantly more of their favourite drink than 
water during the exercise period and consistently drank more of their favourite drink than 
their least favourite drink, but this did not reach significance. Interestingly, subjects also 
drank more of their least favourite drink than of water and the acceptability of the drink 
flavour was higher during the exercise period than at rest, suggesting that there may be an 
effect of exercise on drink palatability. Drink palatability has also been shown to have an 
effect on drinking during post exercise rehydration. Maughan (1993) showed that during 
two hours of ad libitum rehydration following dehydration by 2% body weight subjects 
consumed more of a sports drink and an orange juice/lemonade mixture, which were 
perceived to be more palatable, than water or a glucose electrolyte drink. While it is 
generally accepted that the addition of sodium to a rehydration beverage promotes more 
effective restoration of fluid balance, large amounts of sodium in solution will reduce the 
palatability of the drink. Reduced palatability may result in decreased consumption 
during ad libitum drinking and may therefore reduce the overall effectiveness of the 
beverage. Unpublished data quoted by Passe (200 I) suggest that increasing saltiness of a 
drink reduces its palatability. Healthy adults exercised at 75 -85% of their maximum 
heart rate for 30 minutes and were then provided with a range of drinks. The subjects 
evaluated the drinks for overall palatability and taste. Subjects were provided with drinks 
of sodium concentration 6, 20, 40 and 60 mmolll. There was no difference in perceived 
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saltiness between the 6 and 20 mmolll drinks but drinks were perceived as increasingly 
salty at 40 and 60 mmol/l. There was no difference in palatability of the drinks at sodium 
concentrations up to 40 mmolll but palatability was significantly decreased for the 
60mmolll sodium drink. This effect has also been observed following exercise of a more 
strenuous nature (Wemple et aI., 1997). Following 90 minutes of exercise in the heat 
subjects were allowed to rehydrate ad libitum with one of three drinks containing 0, 25 or 
50 mmolll sodium. Subjects drank significantly more of the 25 mmol/l drink than either 
of the other two drinks resulting in significantly more effective net fluid gain. These 
results suggest that in a practical setting, where palatability is of importance, drinks of 
sodium concentration lower than around 50mmol/l may be more effective rehydration 
aids by encouraging more fluid to be consumed. 
1.4 Effects of dehydration on exercise performance and capacity 
It is well documented that individuals performing prolonged exercise do not drink 
sufficient fluids to replace sweat losses and therefore dehydration is accrued (Broad et aI., 
1996; Costill, 1977; Greenleaf, 1992; Greenleaf, 1965; Hubbard et aI., 1984; Pitts, 1944; 
Shirreffs, 2003). Exercise performance has been shown to be negatively affected by 
dehydration in a variety of exercise models. 
Early studies examining the relationship between fluid balance and exercise performance 
showed that hypohydration imposed prior to the start of exercise is associated with 
increased heart rate at rest and during exercise, and decreased stroke volume during 
exercise (Buskirk et aI., 1958; Greenleaf et aI., 1967; Saltin, 1964; Saltin and Stenberg, 
1964). Hypohydration induced prior to the initiation of exercise has been shown to 
decrease exercise performance. Armstrong et al. (1985) diuretically induced 
hypohydration of between 1.6 and 2.1 % of body mass before measuring performance 
time in competitive running races of 1500m, 5000m and 10000m. Race times were 
significantly longer for the 5000m and the 10000m: time to complete the distance was 
0.16 min, 1.31 min and 2.62 minutes longer when hypohydrated on the 1500m, 5000m 
and 10000m races respectively. The time to complete a rowing ergometer test has also 
been shown to be significantly increased by 22 seconds when subjects began the test 
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hypohydrated through fluid restriction and prior low intensity exercise. It was calculated 
that the increase in the time to complete the exercise test due to hypohydration would 
result in a difference of 95m in a 2000m paired rowing event (Burge et aI., 1993). A 
significant correlation was demonstrated between the reduction in plasma volume from 
pre-dehydration with the increase in time to complete the exercise test. 
It is clear from these studies that pnor dehydration can affect subsequent exercise 
performance. These studies emphasise the importance of ensuring euhydration prior to 
the onset of exercise. The current ACSM guidelines for pre-exercise hydration practices 
suggest that 400 - 600ml of water should be consumed two hours before the start of 
exercise in order to increase body water, whilst allowing time for any excess to be 
excreted as urine. Shirreffs et al. (2004) suggest that this method is generally effective at 
achieving euhydration at the start of exercise performance. 
In light of the negative effect of hypohydration on subsequent exercise performance, 
there has been some interest in the practice of attempting to increase body water content 
above the level of euhydration. Under normal circumstances fluids in excess of the 
euhydrated level are excreted as urine by the mechanisms discussed earlier (decreased 
circulating vasopressin and increased ANP). Several groups of investigators have used 
glycerol ingestion along with the consumption of large volumes of water in order to 
facilitate temporary storage of water above the euhydrated level. Glycerol IS an 
osmotically active substance that is easily absorbed and distributed to the water 
compartments of the body and has been reported to result in a decreased urine output and 
increased water retention when consumed with large volumes of water (approximately 2 
litres) (Hitchins et aI., 1999; Lyons et aI., 1990; Montner et aI, 1996). These studies also 
showed that hyperhydration accompanied by glycerol ingestion significantly increase 
cycle time to fatigue during submaximal exercise. However, others have found no 
meaningful advantage to hyperhydrating with glycerol when exercising in hot conditions 
when fluid is provided during exercise in order to maintain hydration status (Latzka et al. 
1997, 1998). These authors did suggest, however, that hyperhydration with glycerol may 
delay the onset of fluid deficit when exercise is performed without fluid replacement. 
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Even when starting exercise in the euhydrated state, hypohydration is likely to develop 
during prolonged exercise due to sweating. It is probable that the response to 
hypohydration developed during exercise may be different to dehydration prior to 
exercise due to the difference in the physiological responses. Prior hypohydration 
probably results in larger differences in blood volume, as prior hypohydration results in 
decreased plasma volume (Burge et aI., 1993), while dehydration during exercise does 
not seem to result in large decreases in plasma volume (Coyle, 1990). Several groups of 
investigators have studied the interaction between dehydration occurring during exercise 
and exercise performance and capacity, by regulating the amount of fluid replacement 
during a variety of exercise tasks, thereby varying the extent of the hypohydration 
accrued. Exercise time to exhaustion in an exercise test performed following two hours of 
submaximal cycling in an environmental temperature of 21°C was shown to be related to 
the amount of hypo hydration accrued. Body mass decreased by 0.1,1.8 and 3.2% of body 
mass in the three trials and exercise times to exhaustion were 328, 248 and 171 s 
respectively, though only the difference between the 0.1% and 3.2% body mass change 
trials was significant (McConell et aI., 1997). Others found no difference in the distance 
cycled in a one hour time trial in an environmental temperature of 20°C when 33, 50 or 
74% of the fluid lost was replaced and body mass loss was 0.7%, 1.3%, and 1.66% 
respectively (Backx et aI., 2003). These results are in agreement with those of Robinson 
et al. (1995), who reported that consumption of 1.4 litres of fluid during a 1 hour time 
trial had no effect on the distance covered in a 20°C environment. 
Fluid losses in the range of those reported above have been reported to affect exercise 
performance in some cases. Time to complete a set amount of high intensity exercise 
following I hour of submaximal cycling was shown to be decreased when fluid was 
replaced so that body mass decreased by 0.5% during exercise as compared to when a 
small amount of fluid was ingested resulting in a decrease in body mass of 1.8% (Below 
et aI., 1995). In this test exercise was performed in an environmental temperature of 
31.2°C. In agreement with this finding, it has been shown that exercise time to exhaustion 
in a high intensity exercise capacity test following I hour of submaximal cycling has 
been shown to be significantly increased when fluid was consumed limiting body mass 
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loss to 0.22%, as opposed to a loss of 1.81% when no fluid was consumed (Walsh et aI., 
1994). This experiment was also carried out in a warm environment (32°C). 
Finally, the relationship between hydration status and exercise performance in a warm 
environment has been investigated by varying the volume of fluid replaced during 
exercise in a temperature of 29.2 °C (Yoshida et aI., 2002). Aerobic performance was 
assessed by the use of a modified Harvard step test, while fluid intake was manipulated to 
result in body mass losses of 0.7%, 1.7%, 2.4%, and 3.9%. Decreased aerobic 
performance was observed following 2.4% and 3.9% dehydration but there was no 
significant decrease in performance when body mass loss was 0.7% or 1.7%. 
Taken together the results of the studies cited above demonstrate that dehydration 
negatively affects exercise performance. It seems that the extent to which dehydration 
must occur before exercise becomes impaired depends to some extent on the 
environmental conditions in which the exercise is performed. In temperate conditions it 
appears that fluid losses of up to 3% of body mass during exercise can be tolerated 
without significant impairment of performance, but in temperatures of ;80°C fluid losses 
ofless than 2% of body mass can result in reduced exercise performance (Coyle, 2004). 
Dehydration has profound effects on the cardiovascular strain associated with prolonged 
exercise and on the ability to thermoregulate effectively. Hypohydration is associated 
with increased core temperature during submaximal exercise, and fluid loss of only 1 % of 
body mass has been shown to result in an increased core temperature (Ekblom et aI., 
1970). The increase in core temperature during two hours of submaximal exercise has 
been shown to be linearly related to the magnitude of dehydration accrued during 
exercise (Montain and Coyle, 1992). As hypohydration does not significantly increase 
heat production, the increased core temperature must result from increased heat storage 
due to reduced heat loss (Sawka et aI., 2001). It has been suggested that the increase in 
heat storage is due to an increase in plasma osmolality (Fortney et aI., 1984), a decrease 
in blood volume (Fortney et aI., 1981), or both of these factors (Sawka et aI., 2001), by 
altering the thermoregulatory response to increased core temperature. 
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Hypohydration has been shown to increase the cardiovascular strain of exercIse. 
Hypohydration and hyperthermia alone have been shown to cause decreased stroke 
volume and increased heart rate, but superimposition of hyperthermia on dehydration 
results in marked decreases in stroke volume which are not compensated by a large 
enough increase in heart rate resulting in a significantly decreased cardiac output 
(Gonzalez-Alonso, 1998; Gonzalez-Alonso et aI., 1997). Cardiovascular strain is 
exacerbated by the conflicting requirements of the working muscles and the periphery for 
blood flow. Blood is directed to the peripheral veins to aid heat transfer from the core to 
the environment, but a large volume of blood must also be directed to the working 
muscles in order to sustain the elevated metabolism associated with physical activity. 
Muscle blood flow has been shown to be significantly reduced when exercising in the 
heat when dehydrated as compared to when fluid balance is maintained (Gonzalez-
Alonso et aI., 1998), though substrate delivery and lactate removal to and from the 
exercising muscle were shown to be unaltered (Gonzalez-Alonso et aI., 1999). 
Carbohydrate oxidation and lactate production were found to be greater when dehydrated 
in that study, and this has also been reported by others. Muscle glycogen utilisation and 
lactate production were shown to be greater when hypohydrated as compared to when 
lost fluids were replaced during exercise (Hargreaves et aI., 1996). 
1.5 Post-exercise rehydration 
As discussed in the previous section, exerCIse performance can be impaired if an 
individual is hypohydrated at the initiation of effort. For this reason it is important for 
athletes to ensure that they are euhydrated before training and competing. Replacing lost 
fluids will occur over the hours and days following dehydration without any special 
requirements as long as fluid intake is high and a normal diet is followed. However, in 
situations where training sessions or competitions are daily or even more frequent, it is 
very important that rehydration be achieved rapidly and efficiently. When rapiil 
rehydration is required, it is prudent to actively pursue restoration of lost fluids. 
Therefore there has been a relatively large amount of investigation into the most effective 
rehydration strategy. Several comprehensive reviews of the area are available (Maughan 
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et aI., 1997; Shirreffs et aI., 2004; Shirreffs and Maughan, 2000), but the following 
section will briefly discuss the main points. 
The main considerations when planning a rehydration strategy are to ensure that the 
volume consumed is adequate to ensure restoration of all of the fluid lost, and the 
replacement of electrolytes lost in sweat. Obviously in a practical setting the palatability 
of the drink is of great importance in order to encourage sufficient consumption as 
discussed in section 1.3, but will not be further discussed in this section. 
1.5.1 Electrolyte replacement - sodium 
Early experiments demonstrated that plain water alone is not the most effective beverage 
for providing rapid rehydration (Costill and Sparks, 1973). Following exercise induced 
dehydration, plasma osmolality is increased and blood volume is decreased. The 
ingestion of a large volume of plain water results in a large decrease in plasma 
osmolality. As described in section 1.2.2, a reduction in plasma osmolality results in 
diuresis due to a reduction in vasopressin mediated by the osmoreceptors. Therefore a 
large amount of urine is produced even when the body is still hypohydrated. The major 
cation of the extracellular space is sodium, and therefore it was hypothesised that the 
addition of sodium to the rehydration beverage would aid rehydration by preventing the 
large decrease in plasma osmolality. The addition of sodium to a rehydration beverage 
has been shown to promote more effective rehydration in several studies (Maughan and 
Leiper, 1995; Shirreffs and Maughan, 1998b; Shirreffs et aI., 1996). Indeed it has been 
demonstrated that it is not possible to fully rehydrate without the replacement of sodium 
lost in sweat, even after 23 hours of ad libitum water consumption (Takamata et aI., 
1994). It must be noted that not all studies have reported that the extent of rehydration is 
related to the sodium content of the drink. Mitchell et al. (2000) found that increasing the 
sodium concentration of the rehydrating beverage from 25 mmol/l to 50 mmol/l did not 
significantly affect the fluid balance three hours after the end of dehydrating exercise. 
The drinks were provided over a longer period than in the studies of Shirreffs and 
Maughan and this may have influenced the outcome of the study. Subjects were only 
studied during a prolonged period of drinking and not for a fixed period of time after the 
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end of drinking. This may affect the results as any fluid retention caused by sodium 
content may have become apparent in the time following the end of the rehydration 
period. It has been suggested that the sodium concentration of the rehydration beverage 
should match that of the sweat lost (Shirreffs, 2000). Most commercial sports drinks have 
sodium concentrations of 10 - 25 mmol/l, which is at the low end of the normal range for 
sweat sodium (Table 1.2.4.1; Maughan, 2000). In addition sweat sodium concentration is 
highly variable between individuals and therefore it may be beneficial to tailor the 
rehydration drink to individual athletes. 
The finding that the addition of sodium to a rehydration drink allowed more effective 
rehydration due to its effect on extracellular fluid replacement led to the suggestion that 
the addition of potassium would promote rehydration of the intracellular compartment. 
While this hypothesis seems plausible, the addition of potassium to a rehydration drink 
was found to be no more effective than sodium alone in restoring whole body fluid 
balance (Maughan et aI., 1994). 
It is not essential that the electrolytes are provided as part of the rehydration beverage. 
Two studies have shown that consumption of water with food to provide fluid and 
electrolytes is at least as effective in restoring fluid balance as through rehydration 
beverages (Maughan et aI., 1996; Ray et aI., 1998). 
1.5.2 Drink Volume 
Even when extremely hypohydrated the body produces around 25mllh of urine to ensure 
that waste products can be excreted from the body. Water will also be lost post exercise 
through any continued sweating, and insensible water loss. Ingestion of large amounts of 
fluid results in relatively large urine output in the hour following drinking, even when 
sodium concentration is high (Shirreffs and Maughan, I 998b). It is clear therefore that 
greater than 100% of the fluid lost as sweat must be replaced in order to replenish sweat 
loss during exercise and the water losses post exercise. It has been shown in several 
studies that consuming a fluid amount equivalent to the body mass loss results in the 
body being left in a state of hypohydration throughout the rehydration process (Costill 
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and Sparks, 1973; Gonzalez-Alonso et aI., 1992). In order to investigate the required 
volume of fluid to ensure complete rehydration Shirreffs et al. (1996) studied the effect of 
various rehydration strategies on the recovery from exercise induced hypohydration in 12 
subjects. After exercise subjects consumed drinks of a volume equivalent to 50%, 100%, 
150% or 200% of the body mass lost during exercise. The drinks contained either 23 or 
61 mmol/l of sodium and the subjects remained at rest in the laboratory for six hours after 
the end of the rehydration period. Unsurprisingly, when the volume of fluid consumed 
was less than the body mass loss the subjects were hypohydrated after 6 hours for both 
types of drink and did not return to euhydration at any point during the recovery (low and 
high sodium). When the high sodium drink was consumed subjects reached euhydration 
after 6 hours when they consumed 150% and 200 % of mass loss. When the low sodium 
drink was consumed the subjects were slightly hypohydrated after the 6 hour recovery 
period after consuming 150% and 200% of body mass loss underlining the importance of 
sodium in a rehydration beverage. Mitchell et al (1994) found that consuming fluid 
equivalent to 100% and 150% of body mass loss resulted in replenishment of 48% and 
68% of the body mass loss respectively. This is a far lower level of rehydration than 
reported by Shirreffs et al (1996), but the sodium concentration of the rehydration 
beverage was only 14.98 mmol/1. As previously described the sodium loss must also be 
replaced in order for the ingested fluid to be retained in the extracellular space. 
In summary, the most important factors for rehydration following exercIse induced 
dehydration are ensuring that lost electrolytes are replaced, and that a sufficient volume 
of fluid is consumed. 
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1.6 Aims of the thesis 
This introduction aimed to summanse the importance of fluid balance and hydration 
status to athletes. Hypohydration can impair exercise perfonnance, and it should be the 
goal of athletes to avoid significant degrees of hypohydration. Hydration status depends 
on the balance between fluid losses and fluid gains, and this thesis aimed to focus on 
these factors. Chapter 3 aimed to asses the effect on blood parameters of ingesting 600ml 
of solutions varying in tonicity, to detennine if the movement of water into/and from the 
intestine following ingestion affected blood, plasma and red cell volume. Chapter 4 
aimed to investigate the effect of ingesting carbohydrate-electrolyte solutions on exercise 
capacity and motor skills perfonnance during and after an intennittent shuttle running 
protocol in comparison to water. The purpose of chapter 5 was to assess the effect of 
altering sweat rate on sweat composition, as measured by two sweat collection methods. 
The intention of Chapter 6 was to assess the fluid and electrolyte balance of elite football 
players during training, in order to detennine whether the drinking behaviours of football 
players were adequate to avoid hypohydration during training. Finally, Chapter 7 aimed 
to assess the effectiveness of rehydration following exercise induced dehydration when 
drinks varying in sodium chloride content were consumed. An exercise capacity test was 
perfonned following the rehydration period to detennine whether any improvements in 
fluid balance induced by the different rehydration drinks allowed improved subsequent 
exercise capacity. 
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2.1 Ethical approval 
The work in chapters 3, 4 and 7 was ethically approved by the Grampian Research Ethics 
Committee before the initiation of testing. The work in chapters 4 and 5 received ethical 
approval from the Loughborough University Ethical Advisory Committee. Volunteers for 
all chapters, except chapter 6, were recruited by word of mouth or were contacted by 
email. Subjects in chapter 6 were recruited by the medical staff at their respective football 
clubs. Potential volunteers for all studies were issued with an information sheet 
describing the experimental protocol in detail, and outlining any risks involved. 
Volunteers were encouraged to discuss the protocol with their peers and/or GP, and any 
questions the subjects had regarding the protocol were answered. Prior to the start of the 
first experimental trial subjects were asked to sign a consent form confirming that the 
experimental protocol had been explained in full, that the subject understood exactly 
what procedures they were agreeing to undertake, and that the subject fully consented to 
taking part in the study. All subjects were made aware that they could withdraw their 
participation in the study at any time without having to give any reason for doing so. 
2.2 Subjects 
The subjects in chapters 4 and 7 were recruited from the male staff and students at 
Aberdeen and Loughborough Universities. Subjects were generally recreationally active, 
and played sport or exercised on a regular basis, but were not involved in high level 
sporting competition. Subjects were healthy, aged between 18 and 40 years old, and had 
no history of renal or metabolic disease. In chapters 3 and 5 subjects were similar in 
nature except that females were recruited as well as males. It must be recognized that the 
menstrual cycle can affect plasma volume, total sweat loss and threshold for onset of 
sweating (Marsh and Jenkins, 2002). This was not controlled for in this thesis. In Chapter 
3 the aim of the study was to assess the acute change in plasma volume rather than over a 
period of days, and it has been reported that menstrual cycle had no effect on changes in 
fluid balance and plasma volume in a dehydration/rehydration protocol (Maughan et al. 
1996). In addition, in Chapter 5 the aim was to assess the effect of sweat rate on sweat 
composition, therefore while sweat rate per se may have been slightly affected by the 
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menstrual status of the female subjects, the effect on the overall sweat composition is 
likely to have been small. 
In chapter 6 subjects were male professional football players recruited from four elite 
clubs performing in the top divisions of U.K and European leagues. There were no 
specific exclusion criteria for these subjects as it was assumed that subjects of this type 
were suitable for testing, and had been passed fit to participate by the respective club 
doctors. 
2.3 Experimental design 
Chapters 3, 4, 5, and 7 were laboratory based trials in which pre-trial behaviour was 
standardised and trial order was randomised. The data in chapter 6 was collected in the 
field during normal training sessions of the football clubs studied. Chapters 4 and 7 
included a measure of exercise capacity and chapter 4 included a motor skills test. In 
order to minimise any learning effect in these chapters, familiarisation trials were 
performed by all subjects in these chapters. Wherever possible subjects were supervised 
by the same experimenter during any measure of performance in order to minimise any 
effect of any differences in the interaction between subjects and experimenters. Further 
details of experimental design particular to each study can be found in the methods 
sections of the respective chapters. 
2.4 Pre-trial standardisation 
In order to minimise the differences in metabolic conditions and hydration status between 
trials subjects were required to standardise their diet and activity for 24 hours before the 
start of each trial in chapters 3, 4, 5 and 7. In chapter 6 subjects were tested on one 
occasion only and therefore pre-trial standardisation procedures were not applicable. 
At the initial meeting with subjects, or the familiarisation trial, subjects were provided 
with a diet and activity diary. They were instructed to record all food and fluid intake for 
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the 24 hours before the start of the first trial, and follow the same diet in the 24 hours 
prior to each subsequent trial. Subjects were instructed not to undertake any strenuous 
physical activity in the 24 hour period before any trial, and were asked to record activity 
in the 24 hours before the first experimental trial (e.g. walked to college - 30 minutes) 
and repeat these activity patterns before subsequent trials. Subjects were also asked not to 
drink any alcohol in the 24 hours before the start of any trial. 
In chapters 3, 4, 5 and 7 subjects were asked to arrive at the laboratory after an overnight 
fast, except for the ingestion of 500ml of water two hours before arrival to replace fluid 
lost overnight and promote adequate hydration at the start of the experimental trial. In 
chapter 6 the intention was to study football players during their normal training routine 
and therefore no restrictions were placed on diet prior to their arrival at the training 
ground. 
The following sections describe some of the methods used that are common to studies 
presented in this thesis. 
2.5 Measurement of peak oxygen uptake 
In chapter 7 peak oxygen uptake was measured on an electrically braked cycle ergometer 
using a discontinuous protocol. The subjects completed a number of bouts or stages 
(usually 4 - 6) of increasing workload until volitional exhaustion. Expired gas was 
collected using a nose clip, mouthpiece and Douglas bag during the final two minutes of 
the first stage and the final minute of each subsequent stage. A Harvard dry gas meter 
(Harvard Apparatus Ltd, Kent) was used to determine expired gas volume and 
temperature (Comark, Sussex, UK). Expired gas was analysed for oxygen and carbon 
dioxide concentration by use of a Servomex paramagnetic O2 transducer (Sussex, UK) 
and a medical C02 analyser (Beckman LB-2, Illinois, USA). These values were used to 
determine oxygen uptake (V02), carbon dioxide production (VC02), ventilation rate (VE), 
and respiratory exchange ratio (RER). 
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The initial stage was a 5 minute bout of cycling at lOOW and served as a warm up. 
Workload in subsequent stages was increased in increments of25 or 50W, in consultation 
with the subject, depending on the performance in the previous stage. Subjects performed 
stages at increasing workloads until they were unable to complete a stage, or felt unable 
to attempt to perform at a higher workload. Maximum effort was verified by examining 
heart rate and RER during the final exercise stage to ensure that VOl peak was attained. 
The peak oxygen uptake was defined as the value obtained during the last full expired air 
collection period. 
In chapter 4 estimated peak oxygen uptake is reported and was determined from the 
performance of subjects in an incremental shuttle running test as described by 
(Ramsbottom et al. 1988). 
2.6 Collection, handling and analysis of blood samples 
In chapters 3 and 7 serial blood samples were collected for the measurement of 
haemoglobin concentration, haematocrit, serum osmolality, serum sodium, potassium and 
chloride concentration and blood glucose concentration (chapter 3). Blood samples were 
collected after subjects had sat resting for at least 15 minutes to minimise postural effects 
on circulating blood volume. 
Blood was collected using a 21g butterfly cannula positioned in a superficial vein in the 
forearm or the back of the hand. The cannula was flushed following each sample with 
heparinised saline to ensure that it remained patent in the periods between samples. 
Collected blood was immediately dispensed into the appropriate receptacle. Blood used 
for analysis of haemoglobin concentration and haematocrit was dispensed in to KlEDTA 
tubes and gently mixed. Blood for determination of serum osmolality, sodium, potassium 
and chloride was centrifuged and the serum was removed then stored in eppendorf tubes 
under refrigeration until analysis was performed. In chapter 3 lOOjll of blood was 
pipetted into ice cold O.3N perchloric acid and was used for the determination of blood 
glucose. 
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Changes in blood, plasma and red cell volume were calculated from the haemoglobin 
concentration (cyanmethaemoglobin method In duplicate) and haematocrit 
(microcentrifugation, Hawksley, Sussex, UK, in triplicate) measured on the same day as 
collection, using the methods of Dill and Costill (1974). If analysis was not performed 
immediately the samples were gently mixed for at least 20 minutes before pipetting. 
Blood glucose concentration was measured in duplicate on the day of collection using the 
God-perid method (Sigma Diagnostics, Poole, UK). The serum osmolality was measured 
in duplicate by freezing point depression using a Camlab Roebling Osmometer 
Automatik (Camlab Ltd, Cambridge, UK) or a Gonotec Osmomat 030 osmometer (YSI, 
Farnborough, UK). The sodium and potassium concentrations in the serum were 
determined in duplicate using a Coming Clinical Flame Photometer 410C (Coming, 
Halstead, Essex, UK). A Hamilton Microlab 1000 automatic pipette (Hamilton Bonaduz 
AG, Bonaduz, Switzerland) was used to provide the correct dilution for the flame 
photometer. Serum chloride concentration was measured in duplicate by coulometric 
titration using a Jenway PCLM 3 Chloride Meter (Jenway Ltd, Gransmore Green, Essex, 
UK). 
2.7 Collection handling and analysis of urine samples 
Urine was collected by asking the subjects to pass as much urine as possible into a plastic 
jug or beaker. The urine produced was poured into measuring cylinders of various sizes 
and the volume of urine was measured. A tube was used to store 5 ml of urine from each 
sample and the remainder was disposed of. The only exception to this procedure was in 
Chapter 6 where players at the football clubs who provided urine were only required to 
produce a sample by passing a small amount of urine into a screw-topped plastic tube. 
The urine was then analysed for osmolality and chloride concentration in the same way as 
the serum samples. The sodium and potassium concentrations were determined in the 
same way as for the serum samples, except that a Coming M805 Dilutor (Coming, 
Halstead, Essex, UK) was used instead of an automatic pipette to dilute the urine. 
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2.8 Collection handling and analysis of regional sweat samples 
Regional sweat samples were collected in chapters 5 and 6 with the use of sterile 
absorbent adhesive patches (Tegaderm, 3M, Loughborough, UK) and were analysed for 
sodium, potassium and chloride concentration. These patches consist of an absorbent 
patch 40mm by 27mm, with an adhesive plastic covering. The patches were found to be 
permeable to water at a rate of approximately 0.02 gIh at room temperature and 0.05 gIh 
at 50°C which was considered to be acceptable considering the average volume of sweat 
recovered from each patch was 1.05 ± 0.4 g. When deionised water was added to the 
patches and then analysed as described in the following section, values obtained for 
sodium, potassium and chloride were I ± 1,0 ± 0, and 0 ± 0 mmolll respectively. When 
known standards at either end of the expected range for sweat sodium were added to the 
patches the recovery for 20 and 80 mmol/l standards was 21 ± I and 82 ± 3 mmol/l 
respectively. 
In chapter 5 sweat was collected by placing self-adhesive patches on the skin at four sites 
on the right hand side of the body: the chest, scapula, forearm and mid-thigh. Natural 
landmarks on the body were used to position the patches in the same place each trial, but 
preliminary testing suggested that there was little difference in sweat composition when 
patches were positioned in slightly different positions within a region. These areas of skin 
were first cleaned with swabs and deionised water to remove any electrolytes present on 
the skin due to sweat or cosmetic products, and the skin was then dried using further 
swabs. Sweat patches were then attached to the skin at these four sites ensuring that the 
adhesive plastic cover formed an airtight seal with the skin. The patches were then left in 
place while subjects exercised, and the sweat was collected in the absorbent part of the 
patch. At the end of the exercise period patches were removed from the skin with the use 
of disposable plastic tweezers and was immediately placed into an airtight tube and 
stored until analysis. 
Prior to use, the mass of each patch plus its packaging was determined to the nearest 
O.OOOlg, in duplicate, on an electronic balance (Mettler ACIOO, Mettler Instrumente, 
Zurich). The mass of the tubes used for storing the patches on removal was also 
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determined in this manner. Following each trial the mass of all the packaging from each 
patch was determined allowing the mass of each patch to be calculated by subtracting the 
mass of the packaging from the mass of the unopened package. The mass of each tube 
with the patch and collected sweat contained inside was measured, allowing the mass of 
sweat in the tube to be determined by subtracting the mass of the patch and the tube from 
the mass of the tube with the patch and sweat inside. The mass of the sweat in the tube 
was assumed to represent the volume of the sweat in the tube (Ig = Iml). The sweat 
sample was then diluted by the addition of 2.5 ml of deionised water, using a 5ml pipette, 
to produce a volume of fluid large enough to perform analysis. The mass of water added 
was measured to the nearest O.OOOlg. A dilution factor was then calculated by adding the 
volume of sweat to the volume of water and dividing by the volume of sweat. The sweat 
and water in the tubes was mixed thoroughly on an autovortex mixer (Stuart Scientific 
Co., UK). Immediately after mixing samples were either pipetted for analysis or, if 
analysis was not to be carried out immediately, as much of the mixture as possible was 
pipetted into eppendorf tubes which were then refrigerated until analysis. 
The sodium and potassium concentration of the sweat/water mixture was then determined 
by flame photometry and chloride concentration was determined by coulometric titration, 
in the same manner as the serum electrolyte analysis. The concentration of the 
sweat/water mixture was then multiplied by the dilution factor to determine the 
concentrations of sodium, potassium and chloride in the sweat. 
In chapter 6 the analysis was identical to the process above except for the determination 
of the sweat volume in the tube. Due to the logistical problems involved in dealing with 
large numbers of subjects at one time it was not possible to use specific patches and tubes 
for each player. Therefore the average mass of a tube and patch were determined and the 
sweat in each tube was estimated by determining the mass of the tube, patch and sweat 
and subtracting the average mass of a tube and patch. The average mass of 50 collection 
tubes was 15.103 ± 0.163g (range: 14.781 - 15.442g) and the average mass of 10 patches 
was 0.376 ± O.Olg (range: 0.363 - 0.386g) and therefore the average mass ofa patch plus 
a tube was 15.389g. 
49 
Chapter 2 General methods 
2.9 Body mass 
Throughout this thesis change in body mass was used to determine changes in fluid 
balance during trials. In chapter 7 body mass was measured to ± 109 on a beam balance 
(Marsdens, London, UK), and in chapters 4, 5 and 6 to ± 20g on electronic scales (Adam 
Equipment Co., Milton Keynes, UK). Prior to body mass measurements subjects dried 
any surface water or sweat from the skin. 
Body water losses were not corrected for respiratory water loss or metabolic water 
production. Respiratory water loss has been estimated to be 2 -5 glmin in dry conditions 
(Mitchell et al. 1972), while metabolic water production has been reported to be 2.4 
glmin at 74% of aerobic capacity (Pivamik et al. 1984) and so to a certain extent these 
factors cancel each other out. In chapters 4, 5 and 7 it was assumed that due to the 
similar nature of the exercise protocol in each trial the effect on fluid balance of these 
factors would be similar, and negligible in comparison to total fluid balance changes. 
2.10 Statistical analysis 
Statistical analysis was performed using the Minitab 13 for windows computer package 
(Minitab Ltd., PA, USA). Details of the statistical analysis used for is given in the 
methods section of each chapter but a general description follows. 
Data were tested for normality of distribution using the Ryan-Joiner test. If Data were 
found to be normally distributed differences between trials and over time were 
determined by one-way anova and Tukey's post hoc procedure. Data that were shown not 
to be normally distributed were analysed with the use of Kruskal-Wallis tests and the 
positions of differences were determined by Mann-Whitney tests. Normally distributed 
data were correlated using the Pearson product moment correlation coefficient, and where 
distribution was not normal the Spearman's rank correlation method was used. Normally 
distributed data are presented as mean ± standard deviation, while data not normally 
distributed are presented as median with the range in brackets. Differences were deemed 
to be significantly different when P < 0.05. Throughout the thesis P-values have been 
quoted as P< or P > the nearest whole number to the actual P-value. When the P-value 
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was greater than 0.1 it has been rounded to the nearest 0.1. When the P-value was less 
than 0.1 the P-value has been rounded to the nearest 0.01. 
Additional details of the statistical analysis performed are presented in each chapter. 
2.11 Coefficients of variation for the methods used in this thesis 
The intra-assay coefficient of variation was calculated for each method used in this thesis 
and is presented in table 2.1. The coefficient of variation was calculated from the 
standard deviation of the difference between the duplicates of fifteen samples. Separate 
coefficients of variation are presented for the regional sweat electrolyte concentration 
analysis in chapters 5 and 6 due to the slightly differing methods used (i.e. the use of the 
average mass of a patch and tube in chapter 6 instead of the actual measured mass). In 
addition coefficients of variation have been calculated for the measurement of the sweat 
water mixture after dilution, and for the sweat electrolyte concentration using the dilution 
factor. 
Table 2_1. Intra-assay coefficient (CV) of variation presented with the mean of the 
samples used and the assay method. 
Assay Method Mean range CV 
Haemoglobin concentration (g/IOO ml) Cyanmethaemoglobin 15.4 14.5- 0.46 
16.7 
Haematocrit (%) Microcentrifugation 41.0 38.0- 1.18 
44.5 
Blood glucose (mmoVI) God-Perid 5.6 4.2- 0.52 
8.5 
Serum osmolality (mOsm/kg) Freezing point depression 287 282- 0.35 
294 
Serum sodium concentration (mmolll) Flame photometery 139 136- 0.46 
144 
Serum chloride concentration (mmoVI) Coulometric titration 101 96- 0.91 
104 
Serum potassium concentration (mmoUt) Flame photometery 4.7 4.3- 1.27 
5.0 
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Urine osmolality (mOsm/kg) Freezing point depression 418 106- 0.17 
708 
Urine sodium concentration (mmolll) Flame photometery 70 19- 0.9 
117 
Urine chloride concentration (mmolll) Coulometric titration 64 6- 1.42 
104 
Urine potassium concentration (mmolll) Flame photometery 59 6- 1.39 
116 
Chapter 5 electrolyte concentrations (mmol/l) Regional collection 
Sweat/water sodium concentration Flame photometery 16 6- 3.68 
30 
Calculated sweat sodium concentration Flame photometery 55 26 - 6.35 
85 
Sweat/water chloride concentration Coulometric titration 15 2- 5.98 
31 
Calculated sweat chloride concentration Coulometric titration 53 11 - 6.71 
84 
Sweat/water potassium concentration Flame photometery 1.1 0.4 - 7.15 
1.8 
Calculated sweat potassium concentration Flame photometery 4.0 2.0- 8.51 
7.7 
Chapter 6 electrolyte concentrations (mmol/l) Regional collection 
Sweat/water sodium concentration Flame photometery 11 6- 5.61 
37 
Calculated sweat sodium concentration Flame photometery 48 16 - 6.69 
99 
Sweat/water chloride concentration Coulometric titration 13 4- 6.53 
26 
Calculated sweat chloride concentration Coulometric titration 45 14 - 9.65 
103 
Sweat/water potassium concentration Flame photometery 1.7 1.1- 5.83 
3.4 
Calculated sweat potassium concentration Flame photometery 6.7 3.2 - 7.54 
12.6 
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Chapter 5 electrolyte concentrations (mmolll) Whole body wash down 
Sweat sodium concentration Ion chromatography 30.0 13.5 - 2.89 
55.4 
Sweat chloride concentration Ion chromatography 3.1 24.6- 2.49 
50.3 
Sweat potassium concentration Ion chromatography 25.7 3.7 - 2.71 
5.5 
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Chapter 3 
Osmolality of ingested glucose solutions and body 
water shifts in resting humans 
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3.1 Introduction 
Intestinal water transport is an entirely passive process that is driven by the movement 
of water down an osmotic gradient. When a solution of osmolality less than that of the 
body fluids (i.e. < 285 - 290 mOsmlkg) enters the intestine from the stomach there is 
a resulting net flow of water into the body. When the sodium concentration of the 
fluid is less than that of the body fluids « 140 - 150 mmoVI), there is an influx of 
sodium ions from the body into the intestine, thereby increasing the osmolality of the 
ingested solution towards that of the body fluids. If a solution hypertonic to the body 
fluids enters the intestine there is a net flux of water from the body fluids into the 
intestinal lumen reducing the osmolality of the ingested fluids. Previous studies have 
shown this to be the case both at rest (Fordtran et al. 1961; Leiper and Maughan 1986; 
Shi et al. 1994) and during moderate intensity exercise (Gisolfi et al. 1998). Shi et al. 
(1994) infused solutions with osmolalities of 186,283 or 403 mOsmlkg directly into 
the duodenum -10 cm beyond the pyloric sphincter; water and solute flux occurred in 
the first 15 cm of the gut so that the osmolality of the solutions had changed towards 
isotonicity at 269, 290 and 313 mOsmlkg respectively. There was no significant 
difference in the mean osmolalities of the solutions as measured after passing a 
further 40 cm through the duodenojejunum. This suggests that water and solute flux 
occur in the proximal intestinal lumen causing the osmolality of a solution to move 
towards equilibrium with body fluids, and that significant flux occurs before the 
solutions reach the jejunum. When the ingested solution is hypertonic to the body 
fluids this process is driven by a net flux of fluid down the osmotic gradient into the 
intestinal lumen. This fluid may ultimately be drawn from both the intracellular and 
extracellular compartments and this process may therefore result in a transient 
decrease in the circulating blood volume. 
During exercise in the heat the body faces a conflict of interests; blood must be 
supplied to the active muscles to maintain provision of oxygen and substrates and 
removal of waste products, but blood must also be directed to the peripheral 
circulation to allow the metabolic heat generated to be dissipated to the surrounding 
environment. It has been shown that the superimposition of dehydration on 
hyperthermia during prolonged exercise causes greater decreases in stroke volume, 
cardiac output and mean arterial pressure than either stressor alone (Gonzalez-Alonso 
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et al. 1997). This may impair the ability of the body to perform exercise due to a 
decreased capacity of the cardiovascular system and a reduced ability to 
thermoregulate effectively. It is therefore possible that the ingestion of drinks that are 
hypertonic to the body fluids would be contraindicated in situations such as exercise 
in the heat if they caused a sufficient reduction in blood volume to reduce the ability 
to maintain performance. 
The aim of this study was to determine the effect of ingesting solutions of differing 
osmolality on changes in blood and plasma volume with the working hypothesis that 
solutions that are hypertonic to the body fluids would result in a transient decrease in 
blood volume. 
3.2 Methods 
Subjects were twelve healthy males with no history of cardiovascular or renal disease. 
Subjects were required to attend the laboratory on four separate occasions separated 
by at least 24 hours and were instructed to avoid the consumption of alcohol on the 
previous day. Subjects arrived at the laboratory at the same time each day between 7 
and 9 am, having fasted overnight except for the consumption of 500ml of water 2 
hours prior to arrival. On arrival subjects emptied their bladder and were then seated. 
A coded recording heart rate monitor (Polar Vantage XL, Polar Electro OY, Finland) 
was positioned and a 21g cannula was inserted into a superficial forearm vein to allow 
repeated collection of blood samples. Blood samples (5ml) were collected 15 and 30 
minutes after the subject was seated. 
After 30 minutes of seated rest subjects were provided with 600 ml of one of four test 
drinks in a randomised order. These were distilled water (0%), a 2% glucose solution 
(2%), a 6% glucose solution (6%) and a 12% glucose solution (12%). The osmolality 
of these solutions was 0, 113, 342 and 678 mOsmlkg respectively. The solutions were 
split into two 300ml portions and the subjects were allowed 2.5 minutes to drink each. 
Following the 5 minute drinking period blood samples were collected at 10 minute 
intervals for one hour. Subjects remained seated throughout the trial and provided a 
urine sample after the last blood sample had been collected. The volume of urine 
produced was recorded and a sample was retained. 
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Heart rate data were downloaded to a desktop computer for further analysis using the 
Polar Precision Performance 2.0 computer package. 
Statistical analysis 
Data were analysed for normality of distribution and any significant differences were 
determined by repeated measures ANOV A, one-way ANOV A and post hoc Tukey 
test where the data were normally distributed. Where data were not normally 
distributed significance was assessed by use of the Kruskal-Wallis test and the 
position of significant differences was determined by Mann-Whitney tests. Values of 
p < 0.05 were considered to be significant. Data are presented as mean (S. D.) if 
shown to be normally distributed and as median (range) ifnot normally distributed. P-
values are quoted as P< or P > the nearest whole number to the actual P-value. When 
the P-value was greater than 0.1 it has been rounded to the nearest 0.1. When the P-
value was less than 0.1 the P-value has been rounded to the nearest 0.01. 
3.3 Results 
Blood parameters 
There was no change in haemoglobin concentration during the pre-ingestion baseline 
period on any of the trials (P > 0.9), and there was no difference in baseline 
haemoglobin concentration between trials (P > 0.9). Haematocrit did not change 
during baseline measurements in any trial (P > 0.6) nor was it different at baseline 
between trials (P > 0.7). There was no change in the volume of blood, plasma or red 
cells during the baseline period (P > 0.05). 
Blood volume tended to decrease after consumption of the 12% solution, but this did 
not reach significance (P > 0.15). There was a significant increase in blood volume 20 
minutes after drinking the 2% solution as compared to the pre-drinking value (P < 
0.02; Figure 3.4.1). Blood volume was different between trials 20 and 30 minutes 
after drinking. Specifically, blood volume was lower 20 minutes after ingestion of the 
0% (P < 0.02), 6% and 12% (P < 0.01) solutions than after drinking the 2% solution. 
Thirty minutes after drinking blood volume was decreased on the 6% and 12% trials 
compared to the 2% trial (P < 0.05). 
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Figure 3.3.1. Median change in blood volume after drinking. a denotes a significant 
difference over time from the 10 minute time point (P < 0.02). b indicates a 
significant difference from the 0, 6 and 12% trials (P < 0.02). c indicates a difference 
from the 2% trial only (P < 0.05). 
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Plasma volume tended to decrease after drinking the 6% and 12% solutions and to 
increase after consuming the 2% solution but these changes did not reach significance 
(P = 0.06; Figure 3.3.2). Plasma volume was lower 20 minutes after drinking the 6 (P 
< 0.02) and 12% (P < 0.01) solutions when compared with 2% solution, and was also 
lower after drinking the 12% solution when compared with the 0% solution (P<O.03). 
Thirty minutes after drinking, the 12% solution was lower than the 0% (P < 0.05) and 
2% (P < 0.04) solutions. 
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Figure 3.3.2. Median change in plasma volume following drinking. a denotes a 
significant difference from the 0 and 2% solutions (P < 0.03). b denotes a significant 
difference from the 2% trial only (P < 0.02). 
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As shown in figure 3.3.2 there was no significant change in the red cell volume over 
time (P > 0.05) nor any difference between trials (P > 0.1). 
Heart rate 
There was no difference between trials in the mean heart rate measured in the baseline 
time period before drinking (P > 0.9). Mean heart rate was calculated for the time 
period 19 - 21 minutes after finishing drinking as this was the period where 
differences in blood volume between trials were observed (Table 3.3.1), but there was 
no difference in the heart rate between trials for this period (P > 0.3). Change in heart 
rate was calculated by subtracting the mean heart rate for the period 19-21 minutes 
after drinking from the mean heart rate for the pre-drinking period. Following the 
consumption of the 0, 2, 6 and 12% solutions respectively heart rate changed by -5(5), 
-2(3), 1(4) and 1(3) b/min (Figure 3.3.4). The decrease in heart rate after consumption 
of the 0% solution was significantly different from the change in heart rate after 
consumption of the 6 and 12% solutions (P<0.02). 
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Figure 3.3.3 Median change in red cell volume after drinking. 
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Table 3.3.1. Heart rate (b/min) recorded before drinking and for the two minute 
period 19 - 21 minutes after drinking. Values are mean ± standard deviation. Heart 
rates were not different between trials (P > 0.3). 
0% Trial 
Heart rate before drinking 6l± 9 
Heart rate after drinking 56 ± 12 
2% Trial 
61 ± 8 
59± 9 
60 
6% Trial 
62±9 
63 ± 8 
12% Trial 
63 ± 10 
64 ± 11 
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Figure 3.3.4 Mean difference between heart rates recorded before and 19·21 minutes 
after ingestion. a denotes a significant difference from the 0% solution. 
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Blood glucose concentration 
The blood glucose concentration increased after drinking the 2%, 6% and 12% (P < 
0.01) solutions but did not change from baseline after drinking the 0% solution (P > 
0.9) (Figure 3.3.5). Blood glucose concentration was higher 10 minutes after drinking 
the 12% solution than after drinking the other three solutions (P < 0.02). At 20, 30 and 
40 minutes, blood glucose concentration was higher on the 6% and 12 % trials than on 
the 0% and 2% trials (P < 0.01). At 30 minutes after drinking the blood glucose 
concentration was higher on the 12% trial than on the 2% trial (P < 0.01). At 40 
minutes after drinking both the 6% and the 12% solutions resulted in greater blood 
glucose concentrations than those of the 0% and 2% solutions (P < 0.01). At 50 
minutes only the 12% trial produced blood glucose levels higher than those of the 0% 
and 2% trials (P < 0.0 I). At 60 minutes the blood glucose concentration after 
consuming the 12% solution was higher than after drinking the other three solutions 
(P < 0.01). 
Urine production 
The mean volume of urine collected at the end of the 0, 2, 6 and 12% trials amounted 
to 357 ± Ill, 368 ± 102, 310 ± 83 and 202 ± 75ml respectively (Figure 3.3.6). The 
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volumes collected after each trial were not statistically different (P > 0.06) although 
there was a clear trend for reduced urine output after ingestion of the more 
concentrated glucose solutions. 
Figure 3.3.5. Mean ± SD change in blood glucose concentration after drinking. a 
denotes a significant difference from the 0% solution. b denotes a significant 
difference from the 2% solution. c denotes a significant difference from the 6% trial. 
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Figure 3.3.6. Mean ± SD volume of urine produced during the trial period. 
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3.4 Discussion 
Fluid balance 
Drink osmolality and body water shifts 
The hypothesis that the consumption of solutions hypertonic to the body fluids would 
cause a transient net flow of water into the intestine and that this would result in a 
decrease in blood and plasma volume was partially supported by the data obtained. 
Blood volume was lower twenty and thirty minutes after drinking the 6 and 12 % 
solutions than after drinking the 2% solution. These differences in blood volume are 
due to the tendency for blood volume to increase following drinking the 2% solution 
and to decrease after drinking the 6 and 12% solutions. The increase in blood volume 
on the 2% trial as compared to the water trial may be explained by the intestinal 
absorption of water. Water absorption is a passive process and is determined by 
osmotic gradients and solute movement (Schedl et al. 1994). The addition of glucose 
to a solution has been shown to promote water absorption (Gisolfi et al. 1992). 
Glucose is transported across the intestinal wall in an active process coupled with 
sodium (in this case endogenous sodium as the test drink contained no electrolytes). 
Enterocytes are highly water permeable and therefore water is absorbed along with 
the movement of glucose. Dilute carbohydrate electrolyte solutions have been shown 
to promote greater water absorption than water (Gisolfi et al. 1990), and electrolyte 
solutions (Gisolfi et al. 1992). The results of the present study suggest that water 
absorption was increased after drinking the 2% glucose solution compared to distilled 
water and that this resulted in a transient increase in blood and plasma volume 20 
minutes following drinking. 
There was a tendency for blood and plasma volume to decrease after drinking the 6 
and 12% glucose solutions. These results are consistent with the hypothesis that water 
moved from the body into the intestinal lumen down the osmotic gradient and that this 
resulted in a small transient decrease in circulating blood and plasma volume. One 
previous experiment has suggested that ingestion of drinks not isotonic with the body 
fluids can influence blood volume. As part of a larger study, Gisolfi et al. (1992) 
measured plasma volume changes while perfusing the intestine with solutions of 0, 2, 
4, 6 and 8% glucose. It is difficult to make direct comparisons due to the fact that 
solutions were ingested in the present study, but were perfused directly into the 
intestine in the study of Gisolfi et aI, and because the first plasma volume 
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measurement in the Gisolfi study was taken 45 minutes after the start of the intestinal 
perfusion (due to a 30 minute equilibration period plus 15 minute testing period). 
However, plasma volumes move in a similar direction to those in the present study. At 
the first time point plasma volume tended to be lower after ingestion of the 6 and 8% 
solutions than after the 0, 2 and 4% solutions. The percentage change in plasma 
volume when compared to pre-perfusion was 0.5, 10.4, 1.8, -3.8 and -2.3 for the 0,2, 
4, 6 and 8% solutions respectively, though these values were not significantly 
different. 
If it is assumed that the blood volume was 5 litres estimations can be made of the 
actual change in volume in comparison to the estimated amount absorbed. Blood 
volume was increased by approximately 1.5% after twenty minutes on the 2% trial, 
while it was decreased by approximately 1.5% after ten minutes on the 12% trial. This 
corresponds to a change in blood volume in either direction of approximately 75ml. It 
is likely that approximately 300ml of the 2% drink had been emptied from the 
stomach to the intestine after 20 minutes (Vist and Maughan, 1994) suggesting that 
much of the emptied fluid was either still in the intestine or had been assimilated into 
the extravascular compartments. If most of the solution is passed to the intestine 
within the first thirty minutes and much is already assimilated into the body 
compartments, this suggests that consumption of further 2% solution could continue 
to enhance hydration. As the rate of gastric emptying decreases with increasing 
energy content (Murray, 1987) it is likely that less of the 12% solution had passed to 
the intestine when the decreased blood volume was reported after ten minutes. With 
only a small volume of fluid emptied from the stomach when the blood volume 
changes peaked in the 12% trial it is surprising that the decrease in blood volume was 
not more sustained. It may be that as the 12% solution continued to pass into the 
small intestine, the movement of fluid into the small intestine was compensated by the 
movement of fluid into the body further down the intestine. Interpretation of these 
results could be significantly enhanced if measurements of the volume of fluid shifts 
between the fluid compartments were made. 
As a whole these results indirectly suggest that addition of a small amount of glucose 
(2%) improves water absorption and that this results in a short term increase in blood 
and plasma volume in comparison to water, but that increasing the glucose 
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concentration to 6% or greater results in a transient reduction in blood and plasma 
possibly due to a movement of water from the body into the intestine. While this 
study suggests at some statistically significant fluid movement, it is unclear whether 
this would be of physiological significance. 
Dehydration during exercise results in a decreased cardiac output and an increased 
heart rate (Montain and Coyle 1992), causing increased cardiovascular strain. There is 
a conflict between the need to direct blood to the exercising muscles to provide 
oxygen and substrates and to remove metabolic end products, and the need to direct 
blood to the skin in order to dissipate heat to the surroundings. It has been shown 
during exercise in the heat that hypohydration reduces blood flow to the exercising 
muscles and causes decrease in forearm blood flow (Gonzalez-Alonso et al. 1998), 
resulting in a decreased ability to thermoregulate effectively and consequently an 
increased body temperature (Gonzalez-Alonso et al. 1999). Where the cardiovascular 
system must meet the conflicting requirements for blood flow of the working muscles 
and the cutaneous bed any reduction in circulating blood volume may compromise its 
functional capacity. The consumption of a strongly hypertonic beverage during 
exercise in the heat may therefore have a negative effect on fluid balance which 
would in turn be detrimental to maintenance of exercise performance. When cardiac 
output is compromised, any decrease in blood volume will result in a further decrease 
in blood flow to the exercising muscles (Gonzalez-Alonso et al. 1998) and to the 
peripheral vasculature (Montain and Coyle 1992). If the volume of fluid movement 
after drinking the 12% solution was great enough to affect cardiac output it is possible 
that the fluid shifts would be physiologically significant. 
Heart rate 
There was a tendency for heart rate to decrease after drinking the 0 and the 2% 
solutions. As there was no trend for a change in the blood volume during the water 
trial it seems unlikely that this due to a baroreceptor reflex. Recent studies have 
suggested that ingestion of water may affect heart rate by other means. It was reported 
that the ingestion of -500ml of distilled water results in an increased sympathetic 
vasoconstrictor discharge but that this does not cause an increase in mean arterial 
blood pressure in healthy humans (Jordan et al. 2000; Scot! et al. 2001). Recently 
Routledge et al. (2002) reported that heart rate fell by approximately 4 - 7 b/min from 
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10 to 40 minutes after drinking 500ml of distilled water when compared with drinking 
20 ml of water. It was suggested that the decreased heart rate was due to an increase 
in the vagal tone in order to counteract the increase in sympathetic vasoconstrictor 
activity and thereby maintain blood pressure. These results can be compared to the 
present study where there was a tendency for heart rate to fall (by 5 bpm) 20 minutes 
after drinking water. Subjects in the study by Routledge et al. (2002) were asked 
maintain a constant respiratory rate and depth of breathing throughout the 
experimental period and remained in a semi-supine position throughout. Subjects in 
the present study were required to remain seated throughout but a small amount of 
movement was inevitable and subjects were not required to regulate their breathing 
pattern. These factors probably contributed to the larger variability in the heart rate 
data observed in the present study. Despite a larger variability in heart rate in the 
present study, a significant effect of drink glucose concentration on the change in 
heart rate after drinking was observed. After drinking the 6 and 12% glucose solutions 
the heart rate tended to increase in comparison with the baseline values and the 
change in heart rate was significantly different from the change in heart rate after 
drinking distilled water. This may be due to the baroreceptor reflex mechanism acting 
to counteract the decrease in blood volume to maintain blood pressure. This 
observation supports the hypothesis that the consumption of a hypertonic solution will 
result in a transient decrease in blood volume due to the movement of water into the 
intestine from the body. 
Urine Production 
Urine output tended to be greater during the 0% and 2 % glucose trials than during the 
6 and 12 % trials, while output during the 6 % trial tended to be greater than during 
the 12 % trial. The 6 and 12 % solutions resulted in a net loss of body water due to a 
net flow into the intestinal lumen and caused a small decrease in the circulating blood 
volume, with likely effects on renal function. Glomerular blood flow may be 
decreased resulting in a reduced glomerular filtration rate and hence a decreased rate 
of urine formation. This may be one explanation for the tendency for lower urine 
production during the 6 and 12 % trials. However, it is likely that there was also a net 
loss of sodium ions into the intestinal lumen along with the net flow of water as there 
were no electrolytes present in the test drinks. A net efflux of sodium ions into the 
intestinal lumen may have resulted in a decrease in plasma sodium concentration, and 
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the rate of urine fonnation is also linked to changes in plasma sodium concentration. 
If sodium concentration decreases the kidneys respond by increasing urine production 
in order to maintain homeostasis. If this is the case the reduced urine production on 
the 6 and 12% trials may have been due to a balance between the conflicting effects of 
a reduced blood volume and a decreased sodium concentration on renal function. 
During the 0 and 2 % trials there was thought to be a net sodium flow into the 
intestine accompanied by net water absorption, while on the 6 and 12 % trials net 
sodium flow into the intestine was thought to be accompanied by a net flow of water. 
This may explain the larger urine volumes that tended to be produced on the 0 and 2% 
trials as compared to the 6 and 12 % trials. The differences in the rates of urine 
production did not reach significance, but in this study subjects were not asked to 
standardise dietary intake in the day before taking part in the trials. This may have 
introduced an increased level of variability in the rate of urine production during the 
trial. 
This study was designed as a pilot study and the results may have benefited from 
more effective experimental design. Obviously, pre-trial standardisation procedures 
(as followed in other Chapters of this thesis) may have helped to reduce some of the 
variability in results. In addition, it would have been prudent to include some measure 
of pre-trial hydration status to ensure that subjects were in a similar state at the start of 
each trial. Variability may also have been reduced by provided in drinks on a ml/kg 
body mass basis rather than the fixed volume administered in the this study. 
Relatively substantial variability was shown in blood and plasma volume even on the 
0% trial. Interpretation of subsequent similar experiments would be aided by the 
inclusion of a no drink trial to act as a baseline to compare the drinking trials with. 
In summary the results of this study suggest that the addition of glucose to an ingested 
solution may result in a transient change in circulating blood and plasma volume. 
Ingestion of a 2% glucose solution resulted in a slight increase in blood and plasma 
volume probably due to an increase in intestinal water absorption. When the glucose 
concentration of the ingested solution was increased to 6 or 12% blood and plasma 
volume tended to decrease. This is consistent with the hypothesis that fluid was lost 
from the blood as body water moved into the intestinal lumen down the osmotic 
gradient created by the hypertonic nature ofthe 6 and 12% solutions in comparison to 
68 
Chapter 3 Drink osmolality and body water shifts 
body fluids. While these effects may be small, in situations where the maintenance of 
fluid balance is critical, they may prove important. 
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Exercise and motor skills performance and subjective 
feelings during exercise undertaken when ingesting 
carbohydrate-electrolyte solutions or water 
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4.1 Introduction 
Intermittent type sports generally require participants to perform low - moderate intensity 
exercise, punctuated by bursts of high intensity movement. Due to its mass popularity 
much of the work on intermittent exercise has concerned football (soccer). Football 
performance consists of a combination of a large number of movement types, including 
walking, jogging, sprinting, running backwards, sidestepping, and jumping. The 
physiological demands of playing a football match will depend on the ratio at which these 
various movement types are carried out. It has been reported that in elite Danish football 
players, match play could be broken down into 17% standing still, 40 % walking, 35% 
jogging, 2% fast running and 1 % sprinting with the remainder made up by various other 
activities (8angsbo 1994), and a change in activity type may occur every 6 seconds 
(Reilly 1997). The average V02 max of professional footballers has been reported to be 
between 60 and 70ml.kg·!min·!, and a V02 max of >60 ml.kg·!min·! may be a general 
threshold for adequate aerobic fitness for elite football play (Reilly and Gilbourne 2003). 
The distance covered by footballers during match play has been reported to be 8 - 12 km 
per game (8angsbo 1994; Reilly 1997; Reilly and Gilbourne 2003), but midfielders, 
fullbacks, and forwards will typically cover more distance than centre backs and 
goalkeepers (8angsbo 1994; 8angsbo 2002). It has been reported that the distance 
covered may be increasing over time due to the evolution of football tactics, and possibly 
the increasing fitness levels of elite players (Reilly and Gilbourne 2003). Heart rates 
during competitive play are variable, but mean heart rate has been reported to be 157 -
169 b/min during competitive matches, with periods where maximum heart rate is 
reached (Reilly 1996). 
There is evidence that physical performance is impaired in the second half of a football 
match as compared to the first half, suggesting that fatigue may affcct performance as 
match time increases. Players have been recorded as running less distance during the 
second half of football matches due to an increase in the proportion of low intensity 
activity compared to high intensity activity (8angsbo 1994). In addition, mean sprint 
speed over 20m has been reported to be significantly decreased as the result of a football 
match (8angsbo 1994). 
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Fatigue and an associated lack of concentration or motor skills precision may contribute 
to the reported increase in the proportion of goals conceded as match time progresses, 
and the 27% greater number of goals conceded in the final five minute period compared 
to the number conceded in the five minute period with the next largest amount of goals 
scored (Abt et aI., 2002). In addition, the incidence of injuries may be increased with 
fatiguc: more injuries have been observed during the final 15 minutes of each half than at 
other times, and a greater number were reported in the second half compared to the first 
half, with the most occurring in the final 15 minute period in professional football 
(Hawkins et al. 2001). 
Several studies have shown that ingestion of carbohydrate drinks can increase exercise 
time to exhaustion following intermittent exercise (Nicholas et al. 1995; Davis 2000; 
MaClaren and Close 2000; Welsh et al. 2002). In addition the ingestion of carbohydrate 
drinks has been demonstrated to improve motor skills performance in comparison to a 
water placebo (Vergauwen et al. 1998; Welsh et al. 2002). These studies suggest that 
ingestion of carbohydrate drinks at breaks in play during intermittent sports such as 
football or tennis may allow maintenance of performance especially in the closing 
periods of matches. If exercise and motor skills performance can be better maintained 
through drinking carbohydrate solutions it may be possible for an individual or team to 
gain an advantage over the opposition, especially in the latter stages of matches where 
fatigue may cause more errors to be made, or more injuries to occur. 
The main aim of this study, therefore, was to examine the effect of the ingestion of 
carbohydrate-electrolyte solutions on aspects of performance considered to be important 
for games players, as compared to when the same volume of plain water was consumed. 
Therefore, this study aimed to examine exercise capacity, the ability to accurately 
perform motor skills, and the perception of some subjective feelings. The exercise 
protocol was designed to emulate the exercise patterns of intermittent type sports such as 
football, hockey and basketball. 
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4.2 Methods 
Subjects 
Sports drink ingestion during intennittent exercise 
Eight healthy male subjects were recruited to take part in this study, but one subject did 
not complete all trials and was excluded from the data presented. Subjects were 
recreationally active: (age: 22 ± 3 y, height: 176 ± 6cm, body mass: 71.03 ± 3.66 kg, 
estimated V02 max from the incremental shuttle running test during the familiarisation 
trial (Ramsbottom et al. 1988): 51±5 ml/kglmin). 
Subjects attended the games hall on four separate occasIOns to perform one 
familiarisation trial and three experimental trials. The three experimental trials were 
identical in protocol except for the composition of the test drink provided and were 
performed one week apart. The familiarisation trial served to accustom the subjects to the 
procedures and minimise any learning effect. Experimental trials for each subject were 
completed in a randomised order and pre-trial standardisation procedures were followed 
as described in Chapter 2. 
Experimental Protocol 
Subjects were asked to collect the first urine produced upon rising on the day of each 
experimental trial by fully emptying their bladder into a bottle provided. Subjects arrived 
at the games hall at approximately 8:45 am on the morning of each experimental trial and 
were then asked to provide a second urine sample. Baseline measurements were then 
made. Body mass wearing only shorts was measured and subjects were asked to fill out a 
subjective feelings questionnaire. The questionnaire consisted of a series of questions 
relating to the subjective feelings of the subjects (e.g. how thirsty do you feel now?). 
Subjects responded by placing a mark on a 10cm line between two contrasting textual 
prompts (e.g. not at all thirsty; very thirsty) Subjective feelings responses were evaluated 
by measuring the distance in mm from the left hand end of the line, and converting the 
distance in mm into a score from 0 - 100. (See Appendix Il) 
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Motor Skills Performance Test (MS test) 
Subjects also undertook a hop-scotch style motor skills performance test adapted from 
that of Welsh et al. (2002). Twelve coloured squares with sides 30 cm in length were 
positioned on the floor of the games hall to produce a test 'course' two squares (60cm) 
wide and six squares (180 cm) long. Six blue and six brown squares were used and were 
positioned so that colours alternated on the course to produce a chequered pattern. 
Subjects were required to hop down the course only landing with their right foot on the 
brown coloured squares, and then to hop back down the course in the opposite direction 
attempting to only land on the blue coloured squares with the left foot. Subjects then 
hopped up and down the course once more in each direction attempting to land only on 
brown coloured squares with the left foot and only dark coloured squares with the right 
foot. This resulted in a movement which could be described as a criss-crossing of the 
legs. The time taken to complete this series of movements was recorded manually by an 
investigator using a digital stopwatch. If the foot did not land entirely in the appropriate 
square this was termed an error and the number of errors made on each test was also 
recorded. Subjects were observed during the test by the same investigator who recorded 
the time and same investigator recorded the time and the number of errors during each 
MS test. Each error made incurred a time penalty of 0.5 seconds which was added to the 
time taken to produce a total score for the MS test. Subjects were encouraged to complete 
the course as quickly as possible but were reminded that errors were weighted heavily 
and were advised to maintain accuracy as much as possible. The MS test was performed 
twice and the scores were averaged. 
Exercise Protocol 
After baseline measurements had been made subjects were provided with 500 ml of one 
of the three test drinks: mineral water (Vittell, Coca-Cola), a 6% CHO-electrolyte 
solution (PowerAde, Coca-cola) and an 8.2% CHO-electrolyte solution (PowerAde, 
Coca-Cola), of the compositions shown in Table 4.2.1. 
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Table 4.2.1. Test Drink Composition. Na+, cr, K+ concentrations and osmolalities were 
measured in the laboratory. Carbohydrate content was determined from the 
manufacturers labelling. 
Test Drink Water 6% 8.2% 
CHO content 0% 6% 8.2% 
Na+, mmolll O±O 24±0 23 ±O 
cr, mmolll O±O 3±0 3±0 
K+, mmol/l 0.1 ± 0 1.5 ± 0 1.4 ± 0 
Osmolality, mOsm/kg 9±0 285 ± 6 316 ± 1 
Values are mean ± SD 
Drinks were consumed in a 5 minute drinking period after which 20 minutes rest was 
allowed. Subjects then began the intermittent shuttle running protocol. Subjects were 
required to travel between two lines marked on the games hall floor twenty meters apart 
in time with audible signals generated by a PC. The signals were timed so that subjects 
moved between the lines at differing speeds. Each section of the intermittent shuttle 
running protocol consisted of 10 repetitions of a 90 second sequence comprising 3 x 20m 
walking at 1.67 mls, 3 x 20m jogging at 2.22 m/s, 1 x 20m maximal sprinting and 3 x 
20m running at 3.33 mls. 
Following the first fifteen minute period of the intermittent shuttle running protocol 
subjects had approximately three minutes break. During this time subjects repeated the 
MS test, completed the SUbjective feeling questionnaire and indicated the extent to which 
they felt they had exerted themselves in the previous bout of shuttle running by use of the 
Borg RPE scale (Borg 1982). Subjects then consumed 150ml of the test drink before 
preparing for the next section of the intermittent shuttle running protocol. Four sections 
of the test were performed with the MS test, questionnaire, RPE rating and drink 
consumption after each section. Following completion of the fourth section of the 
intermittent subjects took approximately three minutes to complete the MS test, 
questionnaire, RPE rating and to drink 150 ml of the test drink. After this break the 
subjects performed an incremental shuttle running test to volitional fatigue (Ramsbottom 
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et al. 1988). Briefly, subjects were required to run shuttles between two lines marked 
20m apart on the floor of the games hall in time with audible 'bleep' signals. The time 
between the bleeps decreased incrementally resulting in the subjects having to run 
progressively faster to keep time with the bleeps. Exhaustion was deemed to occur when 
subjects were unable to reach the 20m line in time with the audible bleep on two 
consecutive shuttlcs or when subjects stopped running due to feeling unable to continuc 
despite verbal encouragement. Following the incremental shuttle running test subjects 
completed a subjective feeling questionnaire, provided a final urine sample and body 
mass was remeasured after sweat had been wiped from the skin. Figure 4.2.1 is a 
schematic representation of the order of the experimental protocol. The mean air 
temperature of the games hall over all trials was 17.1 ± 1.2°C. 
Figure 4.2.1. Schematic representation of experimental protocol. BM/V = body mass 
measured, urine sample collected. MS = motor skills test. Q = Subjective feelings 
questionnaire. xxxml = volume of test drink. ISR = Intermittent shuttle running protocol. 
SRPT = Shuttle running performance test. 
BMIU BMIU 
MS MS MS MS MS 
Q Q Q Q Q Q 
500ml 150ml 150ml 150ml 150ml 
Key: = ISR ~ =SRPT D = Rest 
Heart rate was recorded throughout the trials by the use of downloadable polar heart rate 
monitors and the Polar Precision Performance 2.0 computer package, or by polar heart 
rate straps, Mini Logger data loggers (Mini Mitter, Norfolk, UK), and the Mini Log 
software program (Mini Mitter, Norfolk, UK). 
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Statistical Analysis 
Statistical significance of changes in variables over time were determined by use of one-
way ANOV A and Tukey post hoc test where data were of normal distribution and by use 
of Kruskal-Wallis and Mann-Whitney tests where data were not of normal distribution. 
The aim of this experiment was not to compare the two carbohydrate electrolyte drinks 
with each other, but to compare them each with water. Therefore it was decided to 
directly compare each carbohydrate-electrolyte drink with water, and effectively use 
water as a control drink. Exercise time to exhaustion data were normally distributed and 
therefore paired - t tests were used to compare the exercise capacity data. Differences 
were accepted as significant when a P-value ofless than 0.05 was obtained. 
4.3 Results 
Body mass 
In each trial subjects consumed 1.1 litres of fluid during the experimental period. The 
body mass measurements are shown in table 4.3.1. There were no differences in any of 
these factors between trials (P > 0.9), and therefore data sets were grouped together. 
Despite fluid intake of over I I body mass decreased by 0.5 ± 0.35kg over all trials, 
representing a loss of 0.7 ± 0.5% of initial body mass. Sweat losses were calculated from 
the change in body mass corrected for the fluid intake through drinking and the fluid loss 
through urine production. Subjects lost a mean of 1.21 ± 0.23 I as sweat over all trials. 
Table 4.3.1 Body mass measurements in each trial. 
Trial Water 6% 
Initial Body Mass (kg) 70.50± 3.97 70.90 ± 4.15 
Mass Loss (kg) 0.42 ± 0.38 0.60 ± 0.45 
Mass Loss (%) 0.59 ± 0.53 0.83 ± 0.60 
Sweat Volume (I) 1.19 ± 0.23 1.24 ± 0.25 
Values are mean ± SD 
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Urinary measures 
Urine volume and osmolality at each collection point in each trial are presented in table 
4.3.2. There was no difference between trials in the volume of urine produced in the 
morning on rising (P > 0.5), before exercise (P > 0.8) or after exercise (P > 0.8). Urine 
osmolality was not different between trials on rising, or before exercise, suggesting that 
pre-trial standardisation procedures were effective in ensuring subjects arrived at the 
laboratory with similar hydration status before each trial. There was no difference in the 
osmolality of the urine produced following exercise between trials (P > 0.8). 
Table 4.3.2. Urine measures at each collection point in each trial. 
Trial Water 6% 8.2% 
On Rising: 
Volume (I) 0.375 ± 0.224 0.465 ± 0.208 0.443 ± 0.245 
Osmolality (mOsm/kg) 523 ± 284 634 ± 317 521 ± 320 
Pre-exercise: 
Volume (I) 0.144 ± 0.201 0.102 ± 0.107 0.200 ± 0.172 
Osmolality (mOsm/kg) 461 ± 321 465 ± 260 376±312 
Post-exercise: 
Volume (I) 0.330 ± 0.308 0.327 ± 0.201 0.415 ± 0.249 
Osmolality (mOsmlkg) 370 ± 303 222 ± 193 197 ± 146 
Values are mean ± SD 
Exercise capacity measures 
When all three drinks were compared in their effect on performance by the use of a one-
way ANOVA, there was no difference in exercise time to exhaustion (P > 0.4). However, 
the purpose of this study was not to compare the two carbohydrate drinks, but to compare 
the effect of each of the drinks in comparison to water. Therefore performance time to 
exhaustion after consumption of each of the drinks was compared to water using paired-t 
tests. Ingestion of the 6% (P < 0.03) and the 8.2% (P < 0.04) CHO-electrolyte drinks 
allowed subjects to prolong exercise time to exhaustion in the shuttle running exercise 
capacity test when compared with the consumption of water (Figure 4.3.1). Mean ± SD 
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running time to exhaustion was 660 ± 83, 696 ± 86 and 707 ± 54 seconds in the water, 
6% and 8.2% trials respectively. There was no effect of trial order on exercise time to 
exhaustion (P > 0.5), mean ± SD running times to exhaustion were 682 ± 66, 656 ± 87 
and 694 ± 81 seconds for the trials performed first, second and third respectively. 
Heart rate tended to be higher during the shuttle running periods after drinking the 
carbohydrate drinks than when drinking water (Figure 4.3.2), but this was not significant 
during any of the quarters (P > 0.05). There was no difference in the heart rate during the 
incremental shuttle running protocol (P > 0.4) 
RPE tended to increase as exercise time increased (Figure 4.3.3). RPE tended to be 
higher when drinking water during trials 3 and 4 but there was no difference between 
trials at any time during the protocol (P > 0.1). RPE was higher in quarter 4 than in 
quarter 1 on the water and 8.2% trials (P < 0.05), but not on the 6% trial (P > 0.6). There 
was no difference between trials in RPE at the end of the exercise capacity test (P > 0.7). 
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Figure 4.3.1. Mean ± SO (s) to exhaustion during incremental shuttle runnmg test. 
denotes a significant difference from the 6%and 8.2% drinks. 
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Figure 4.3.3. Mean ± SO rating of perceived exertion during exercise. 
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Motor skills test 
There were no differences between trials in the time taken to complete the motor skills 
test (P > 0.9), nor in the number of errors made (P > 0.4), and therefore there was no 
difference in the total score achieved (P > 0.6). In order to reduce the effect of 
interindividual variability in performance on the motor skills data, motor test time, error 
rate and total score were calculated in relation to the initial test conducted before exercise 
commenced. 
The time to complete the motor skills test tended to decline within all trials, despite the 
familiarisation tests performed. This change was only significant for the 6% trial, where 
the time to complete the test was lower after quarter 4 than after quarters I and 2. There 
were no differences in the change in the time taken to complete the motor skills test 
between trials (P > 0.6; Figure 4.3.4). 
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The change in the number of errors made in the motor skills test tended to be higher 
when drinking water than either of the two CHO drinks after the second, third and fourth 
intermittent exercise bouts but this was not a significant difference (P > 0.06; Figure 
4.3.5). The number of errors made tended to increase from quarter I to quarter 4 in the 
water trial (P > 0.05), but there were no significant changes over time. Due to the higher 
number of errors made when drinking water the total score for the motor skills test tended 
to be higher than on the CHO drinks but this was not a significant difference (P > 0.3; 
Figure 4.3.6). 
Figure 4.3.4. Median change in completion time of the motor skil1s test in comparison to 
the pre-exercise time. 
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Figure 4.3.5. Mean change in number of errors made during motor skills test In 
comparison to the pre-exercise value. 
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Subjective feelings 
The results of the subjective feelings questionnaires relating to exercise performance are 
reported in figure 4.3.7. 
There were no differences in the self-reported commitment of the subjects to perform 
well at any stage of the protocol (P > 0.9) and there were no differences between trials (P 
> 0.5). Responses given were generally close to the 'very committed' end of the scale, 
suggesting that subjects were highly motivated to do well in the te~ting procedure and 
that this was uniform between trials. 
There was a significant decrease in the perceived energy levels when drinking water (P < 
0.02) reported after the third and fourth quarters as compared to the initial value. 
Perceived energy after the third quarter was also lower than on the first quarter (P < 0.05) 
and during the fourth quarter energy levels were perceived as lower than on the first and 
second quarters (P < 0.01). Perceived energy levels were maintained when drinking the 
two CHO drinks (P > 0.15) with the result that after the fourth quarter energy levels were 
perceived to be lower when drinking the water when compared to the 8.2% CHO drink (P 
< 0.05) and tended to be lower than when drinking the 6% drink (P > 0.07). 
Motivation to exercise was assessed by the question "How 'up for running' do you feel 
now?" Motivation to run was decreased when drinking water during quarters 3 and 4 
compared to the pre-exercise value (P < 0.04). Motivation to exercise as measured by the 
question quoted was maintained when drinking the 6 and 8.2% CHO solutions (P > 0.15). 
When drinking water subjects felt less "ready in their legs" for the next bout of exercise 
during the second, third and fourth quarters as compared to the pre-exercise value (P < 
0.04). There was no decrease in the perception of feeling ready in their legs for exercise 
when either of the CHO drinks was consumed (P > 0.1). 
Unsurprisingly the perception of the difficulty of completing each bout of running tended 
to increase over time but this was not significant (P > 0.1). There were no differences 
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Figure 4.3.7. Subject's perception of some subjective feelings relating to exercIse 
performance. Data are mean ± SD or median as stated on the y axis. Statistical 
differences are described in the text. Data and SD or range are presented in appendix 1. 
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Sports drink ingestion during intermittent exercise 
between trials in the perception of the difficulty of the previous bout of running (P > 0.2). 
Subjects tended to anticipate the next bout of running to be increasingly difficult to 
complete as the trial progressed. The anticipation of difficulty of the next run increased 
from the first to the last quarter when consuming the 8.2% CHO drink (P < 0.05), but not 
on the other two drinks (P > 0.15). No differences were apparent between trials in the 
anticipation of how difficult the next bout of running would be (P > 0.1). 
Subjects felt more tired from the 2nd quarter onwards compared to the pre-exercise and 
after the 1 SI quarter when drinking water (P < 0.04). There was no significant increase in 
tiredness when drinking either of the CHO drinks (P > 0.15). There were no differences 
between trials (P > 0.25). 
Subjects tended to feel less strong over time. When drinking water subjects felt less 
strong after the 3nl and 4th quarters than before exercise and felt less strong after the 4th 
quarter than after the 1 SI and 2nd quarters (P < 0.05). A similar pattern emerged when 
drinking the 8.4% solution. Perception of strength decreased during the 3rd and 4th 
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quarters compared to before exercise and on the 4th quarter compared to the first quarter 
(P < 0.04). Perception of strength was maintained when consuming the 6% drink (P > 
0.35). 
There were no differences between trials in the subjects' perceptions of feeling alert nor 
ability to concentrate (P > 0.1). When drinking water there was a strong tendency for the 
perception of the ability to concentrate to decrease (P = 0.051), but there was less 
evidence of any tendency when drinking the two CHO drinks (P > 0.5). Perception of 
alertness tended decrease over time on all trials but this was not a significant change (P > 
0.15). 
Subjects were asked "How 'ready in mind' do you feel for exercise?" Subjects tended to 
feel less ready in their minds for exercise over time (P > 0.06) and there were no 
differences in this response between trials (P > 0.1). 
The subjective questionnaires also attempted to quantify the subjects' perceptions In 
response to consuming the different drinks. The questions relating to drink consumption 
were asked before (initial) and after (pre) drinking the initial 500ml bolus and therefore 
there are 6 time points on these graphs. These results are presented in figure 4.3.8. There 
were no differences between trials in any of the parameters (P > 0.1), but differences over 
time were detected. 
Subjects tended to feel less thirsty after drinking, but this was not a significant change (P 
> 0.1), and there were no differences in thirst between trials (P > 0.4). Subjects tended to 
feel less refreshed over time on the water and 8.2% trials (P < 0.04), but this did not reach 
significance on the 6% trial. The perception of stomach fullness increased after drinking 
the 500 ml bolus on the 8.2% trial (P < 0.01), but not on the water or the 6% trial (P > 
0.5). Stomach fullness then decreased after quarter 1 in the 8.2% trial (P < 0.02) and was 
not then different from the final timepoint (P > 0.2). The perception of bloatedness in the 
stomach followed a similar pattern to the rating of stomach fullness, with all drinks 
causing a tendency for a slight increase after the 500ml drink. The 6% drink tended to 
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cause the largest increase in bloatedness in relation to the initial value but this was not 
significant (P > 0.06). There was no change in the reported pleasantness of the mouth of 
the subjects over time (P > 0.2), and nor was there any difference in the ratings of hunger 
(P> 0.3) or sore head (P > 0.4) during the trials. 
Figure 4.3.8. Subjective feelings related to drink consumption. Data are mean or mcdian 
as stated on the y axis. Statistical analysis is not presented. For these data subjects 
answered the questionnaire prior to drinking the initial 500ml drink (initial), and before 
the first bout of exercise (pre). Data and SO or range are presented in Appendix I. 
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Sports drink ingestion during intennittent exercise 
Intermittent shuttle running capacity and motor skills performance 
The main finding of this study was that ingestion of a carbohydrate-electrolyte drink 
before and during intermittent exercise improved exercise time to exhaustion. Subjects 
were able to run for a mean 36 and 47 seconds longer on the incremental shuttle running 
test following consumption of the 6% and the 8.2% carbohydrate drinks respectively than 
after consuming water. All subjects ran for longer after drinking either of the CRO-
electrolyte drinks than after drinking water, with the exception of one subject who ran for 
longer after drinking the 6% CRO drink than after drinking water, but ran for 9 seconds 
less following consumption of the 8.2% CRO drink than after water. These results are in 
agreement with the work of several groups of investigators who have reported that 
ingestion of carbohydrate-electrolyte drinks improve exercise time to exhaustion during 
intermittent running (Nicholas et al. 1995; Davis 2000; MaClaren and Close 2000; Welsh 
et al. 2002). The improvement in exercise time to exhaustion in the present study was 5.6 
± 2.9% and 7.9 ± 7.7% for the 6% and 8.2% drinks in relation to when water was 
consumed. This effect is substantially smaller in magnitude than that found in other 
studies with similar protocols. Nicholas et al. (1995), Davis et al. (2000), and MacLaren 
and Close (2000) used alternate shuttle running at 55% and 95% of V02 max to 
exhaustion and found improvements in time to exhaustion in the range 25 - 33%. Welsh 
et al. (2002) used alternate shuttle running at 55 and 120% of V02 max and found an 
improvement in exercise time to exhaustion of 37%. The small improvement In 
performance in the present study may be related to the fact that a different type of 
exercise test was employed. In the studies cited above the exercise test consisted of 
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shuttle running at two speeds which remained constant until fatigue. In the present study 
shuttle run speed increased incrementally approximately one per minute (Ramsbottom et 
al. 1988). It is possible that exercise time to exhaustion was limited by the speed at which 
subjects were able to complete the 20m shuttle, and this may partly explain the improved 
performance in the present study. Some authors have reported that carbohydrate 
consumption during similar intermittent running protocols can result in decreased 20m 
sprint time in comparison to when water is consumed (MaClaren and Close 2000; Welsh 
et al. 2002), though others have not found this to be the case (Nicholas et al. 1995; 
Nicholas et al. 1999). Therefore it may be that improved running time in the present 
study was linked to an ability to run at a faster speed when the carbohydrate-electrolyte 
solution was consumed as compared to water. 
There was a tendency for performance of the motor skills test to be better when drinking 
the CHO drinks during exercise than when drinking water. There was no difference in the 
time taken to complete the skills task but there was a tendency for fewer errors to be 
made when drinking the CHO drinks. This suggests that ingestion of a carbohydrate-
electrolyte solution may allow maintenance of motor performance better than ingestion of 
an equal volume of water. Several previous studies have used a variety of techniques to 
investigate the effect of the ingestion of carbohydrate on whole body motor skill 
performance. 
Muckle (1973) studied team performance in 40 competitive football matches. Glucose 
syrup was ingested before, and at half time during 20 of those matches. More goals were 
scored and fewer goals were conceded in the second half (especially during the last half 
hour) when glucose syrup was ingested. One player was randomly selected from each 
match and performance was assessed by counting the number of ball contacts and the 
number of minutes involved in play. During the final thirty minutes of the game players 
who did not ingest glucose showed a reduction in the number of ball contacts and time 
involved in play. It is not clear whether this difference is in relation to the performance of 
the player in the first 60 minutes, or to the performance in the final thirty minutes of 
players who had ingested glucose. These results suggest that ingestion of carbohydrate 
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may allow better match performance during the later stages of a football match but, 
unfortunately the study was not well controlled, consequently the interpretation of the 
results is difficult. 
Zeederberg et al. (\996) investigated the effect of skills performance during two football 
matches when Sml/kg of either a 6.9% carbohydrate solution or a placebo drink was 
ingested before the match and at half time. No difference was found in the ability of the 
players to successfully pass, control the ball, make tackles, or head, dribble and shoot for 
goal. 
Vergauwen et al. (1998) studied specific tennis stroke performance before and after an 
intense standardised tennis training session lasting two hours, with the consumption of 
400 mllh of a drink containing 0.7 glkg BWIh or a carbohydrate-free placebo. Tennis 
serves and ground strokes were shown to be decreased in accuracy after the standardised 
training session when drinking water as evidenced by the larger number of errors made 
on these shots. Carbohydrate ingestion resulted in a decrease in the number of errors 
made when playing these shots. In addition carbohydrate ingestion resulted in an 
improved velocity/precision index for first serve performance compared to the placebo 
and to the pre-exercise score. 
Welsh et al. (2002) used a similar protocol to the present study to investigate the effect of 
carbohydrate ingestion on physical and mental performance designed to simulate the 
intermittent exercise patterns in sports such as football, basketball and tennis. Motor 
skills were assessed using a hop-scotch type test comparable to the test used in our study. 
Ingestion of a 6% carbohydrate solution during exercise improved the time taken to 
complete the test and thereby total score was reduced. There was no difference in the 
number of errors made during the motor skills tests when ingesting a carbohydrate 
solution or water. The authors suggest that carbohydrate ingestion allowed accuracy to be 
maintained at speed, but that when water placebo was ingested subjects had to slow the 
pace of performance in order to maintain the accuracy. The present study revealed a 
tendency for performance of the motor skills test to be decreased when drinking water in 
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comparison to the carbohydrate drinks, but there was no significant difference. In contrast 
to the study of Welsh et al. (2002), the difference in performance in the present study lay 
in a tendency for a greater number of errors to be made rather than in an increase in the 
time taken to complete the test. 
The attenuation of any decrease in motor skill accuracy by consuming carbohydrate-
electrolyte drinks is of interest because of the important role of motor skills in most 
sporting events, especially those of an intermittent nature. If motor skills are better 
maintained in the later stages of performance in such sports, it is clear that an advantage 
could be gained by ingesting carbohydrate. 
Possible mechanisms of ergogenicity 
While there has been much work on the effects of carbohydrate ingestion on prolonged 
endurance exercise, much less is known about the effect on intermittent exercise. Several 
studies have employed protocols involving intense bouts of exercise on a cycle ergometer 
or treadmill interspersed with periods of lighter intensity exercise or rest. Carbohydrate 
ingestion has been shown to improve performance in some (Davis et al. 1997; Sugiura 
and Kobayashi 1998), but not all (Nassis et al. 1998) of these studies. Blood samples 
were not collected, and the muscle biopsy technique was unjustifiable in the present 
study, therefore it is possible only to speculate on the possible mechanisms underlying 
the improvement in exercise capacity in the present study. 
Carbohydrate ingestion has been associated with glycogen sparing by some (Hargreaves 
et al. 1984; Yaspelkis et al. 1993; Bosch et al. 1996; Tsintzas et al. 1996; Nicholas et al. 
1999), but not all studies (Coyle et al. 1986; Hargreaves and Briggs 1988; Bosch et al. 
1994; Jeukendrup et al. 1999; Arkinstall et al. 2001) during exercise. It is possible that 
carbohydrate ingestion resulted in glycogen sparing, due to the oxidation of the 
exogenous carbohydrate provided by the drink (Tsintzas et al. 1996), or by promoting 
glycogen resynthesis during the lower intensity phases of the intermittent shuttle running 
protocol (Kuipers et al. 1987). 
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In a follow up to their original work (Nicholas et al. 1995), Nicholas et al. (1999) took 
muscle biopsy samples following 90 minutes of intermittent shuttle running with the 
consumption of either a 6.4% CHO-electrolyte drink or a water placebo. It was shown 
that muscle glycogen utilisation was reduced by 22% when the CHO-electrolyte drink 
was consumed compared to water. The authors suggest that this may explain the 
improved exercise capacity in the shuttle running test observed in their study of 1995. 
Carbohydrate ingestion during prolonged exerCise is associated with maintenance of 
blood glucose concentration and delay of fatigue (Coyle et al. 1986; Coggan and Coyle 
1989). It could be argued that the improvement in exercise time to exhaustion and motor 
skills performance in the present study was due to maintenance of blood glucose levels 
by the carbohydrate in the drinks. However, the intermittent shuttle running test utilised 
in the present study was of high intensity (Heart rate> 180 bpm at fatigue). Oxidation of 
blood glucose has been shown to be unable to sustain exercise intensities >75% when 
exercise is prolonged (Coggan and Coyle 1988). In addition, although blood glucose was 
not measured in the present study, previous studies with a protocol similar to this one 
have generally shown that while blood glucose concentration is elevated during 
intermittent shuttle running when carbohydrate is consumed, concentration remains 
above 4 mmol/l when a non-carbohydrate containing drink is consumed (Nicholas et al. 
1995; MaClaren and Close 2000; Welsh et al. 2002). If the blood glucose concentrations 
in the present study were similar to those reported in the studies cited above it is unlikely 
that the impaired exercise performance was due to low blood glucose, as subjects in those 
studies maintained glucose within the normal range. 
Carbohydrate ingestion has been shown to improve exercise performance in exercise 
lasting 1 hour or less in temperate conditions (Jeukendrup et al. 1997), and in the heat (> 
30°C) (Below et al. 1995; Carter et al. 2003) in comparison to plain water. These 
performance benefits are difficult to explain by peripheral mechanisms of fatigue 
(glycogen depletion, hypoglycaemia) and may be mediated by a central effect. Evidence 
has been accumulating that the central nervous system may play a more significant role in 
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fatigue development than recent theory has suggested, and that carbohydrate may also 
delay central nervous system fatigue (Davis and Bailey 1997). 
In the present study, no attempt was made to disguise the fact that water was being 
compared to commercial 'sports drinks' (though subjects were unaware of the 
composition of the sports drinks). Given the fact that the subjects were recreational 
sportsmen, and the mass marketing of sports drinks as performance enhancing, it is clear 
that the subjects may have expected to perform better when consuming the carbohydrate-
electrolyte solutions than when consuming plain water. There has been little investigation 
into the placebo effect on acute exercise performance. One study has investigated the 
placebo effect on exercise performance during a 40 km cycling time trial, by providing 
carbohydrate or non-carbohydrate placebo drinks and manipulating the infonnation given 
to the subjects before the start of the time trial (Cl ark et al. 2000). Mean power output 
was 3.8% (P = 0.06) greater in those subjects who were told they were receiving the 
carbohydrate drink as opposed to those who were told they were receiving the placebo, 
and this corresponded to a difference in speed of 1.6% on the time trial. In the present 
study, exercise time to exhaustion was increased by 5.6 ± 2.9% and 7.9 ± 7.7% on the 6% 
and 8.2% drinks respectively. Therefore it is possible that some of the effect reported in 
the present study was due to a placebo effect, but the magnitude of the improvement in 
performance was greater than the placebo effect reported by Clark et al. (2000). 
In summary, without blood or biopsy data, it is not possible to determine the mechanisms 
involved, but the mechanisms involved are similar those in other studies similar in 
protocol to the present study (Nicholas et al. 1995; Davis et al. 1999; Davis 2000; 
MaClaren and Close 2000; Welsh et al. 2002). This study does demonstrate that 
carbohydrate-electrolyte solutions improve exercise time to exhaustion when performing 
intennittent exercise, in comparison to water. 
Subjective feelings during the protocol 
Questionnaires were employed to give an indication of the mental state of the subjects 
during the exercise period. Due to the small numbers of subjects in the present study, the 
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results of the subjective feelings questionnaire may be difficult to interpret, though visual 
analogue scales have been employed in previous studies with subject numbers similar to 
the present study, in order to rate subjective feelings (Maughan and Leiper 1995; Maresh 
et al. 2004). Energy levels tended to be perceived to be better maintained when drinking 
the carbohydrate drinks and subjects felt more 'ready in their legs' to exercise. In general 
subjects felt more motivation for the shuttle running when drinking the carbohydrate 
drinks than when drinking water as shown by the maintenance of the perceived level of 
tiredness, the feeling of being 'up for running', and the tendency for the feeling of being 
ready in mind for exercise to be maintained when drinking the carbohydrate solutions but 
not when drinking water. To the best of the author's knowledge the only other study that 
has assessed the mental function of individuals during intermittent exercise was that of 
Welsh et al. (2002). That study found that ingestion of a carbohydrate solution had no 
effect on mood state as measured by the profile of mood state questionnaire. The results 
of both of these studies are based on very small sample sizes in comparison to the 
numbers typically used in questionnaire based research. The results of the present study 
suggest that there is the possibility of a tendency for subjective feelings important for 
games performance such as concentration and motivation may be better maintained when 
carbohydrate solutions are consumed rather than water. 
These results suggest a tendency for motivation to exercise, and 'readiness' for exercise 
to be better maintained when a carbohydrate electrolyte drink is consumed compared to 
water, though it must be remembered that subjects may have expected to feel better when 
drinking a 'sports drink' as discussed earlier. It is clear that if carbohydrate ingestion is 
able to better maintain the mental state of an individual as well as the ability to perform 
exercise, this may be of great benefit to games players. Intermittent sports generally 
require the ability to perform precise motor skills and to make split second decisions 
influenced by the constantly changing nature of the play. Therefore maintenance of the 
feelings of motivation for exercise and ability to concentrate may allow individuals to 
compete at a higher level especially towards the end of matches. With this in mind it 
should be noted that there was no suggestion that the consumption of carbohydrate had a 
negative effect on perception of subjective feelings. 
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This study would have been strengthened by some methodological changes. Obviously, 
the collection of blood samples would have allowed more in depth analysis of the 
mechanisms of ergogenicity in the present study. It would be interesting to determine 
whether the effects were primarily metabolic, and related to the carbohydrate, or 
cardiovascular and related to fluid provision. There was some difficulty in interpreting 
the motor skills test due to the variability in the performance results. It is a problem 
inherent when attempting to assess motor skill performance, in that differences between 
trials due to the experimental intervention may be masked by the variation in 
performance. The problem lies in attempting to balance the need to minimise variability 
with the need to make the test as specific to activity patterns used during athletic 
performance. In addition, the findings regarding the motivational effects of the 
experimental intervention gathered with the use of questiormaires would be strengthened 
by increasing the number of subjects. 
In this Chapter two commercially available sports drinks were compared with water and 
therefore the carbohydrate content of the drinks was fixed. In light of the findings of the 
last experiment it would have been interesting to include drinks with carbohydrate 
concentrations of 2% and 12% to follow up on the suggested changes in blood volume. 
The previous study suggested that hypotonic and hypertonic drinks may result in fluid 
shifts with statistically significant effects on blood volume. If this effect is large enough 
to reduce venous return and cardiac output during intense exercise performance may be 
affected. The present protocol could be used to investigate this supposition: the 
incremental shuttle running test being used to determine the effect of ingesting 2% and 
12% glucose drinks on time to exhaustion. 
In summary, in non-blinded testing, ingestion of carbohydrate solutions resulted in an a 
small increase time to fatigue in an incremental shuttle running test following one hour of 
intermittent shuttle running designed to simulate the activity pattern of sports such as 
football and hockey. The increase in time to exhaustion was smaller than reported in 
other studies involving intermittent shuttle running, and this may be linked to the 
progressive incremental exercise test used in the present study. 
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There was a tendency for more errors to be made in a motor skills performance test when 
drinking water suggesting that ingestion of carbohydrate may assist in maintaining the 
ability to perform motor skills especially when individuals are fatigued. The consumption 
of a carbohydrate-electrolyte may have influenced results due to the possible expectation 
of subjects to perform better, but it should be noted that the carbohydrate-electrolyte 
solutions did not have any negative effects on any of the factors examined. 
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Chapter 5 
Sweat composition as measured by regional 
collection and whole body wash down methods when 
exercising in two environmental conditions 
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5.1 Introduction 
The primary sweat produced at the secretory coil of the eccrine sweat gland undergoes 
significant moditication as it passes through the duct portion of the gland. In the sweat 
duct reabsorption of sodium and chloride is driven by the active transport of sodium 
across the basolateral membrane (Sato 1992). It has been suggested that the rate of 
reabsorption has a maximum limit, and therefore sodium and chloride concentrations 
should increase at high sweat rates if this limit is exceeded (Bulmer and Forwell 1956). 
Several studies have demonstrated that sweat sodium concentration increases as sweat 
rate increases in individual regions of the body (Cage and Dobson 1965; Sato and 
Dobson 1970; Sato and Dobson 1970; Allan and Wilson 1971; Costill 1977). However, 
Patterson et al. (2000) did not find a significant relationship between sweat sodium and 
chloride concentrations and sweat rate. The authors suggested that the lack of association 
may have been attributable to a large variability in sweat gland reabsorptive capacity and 
density between individuals, and within individuals between skin regions. The first aim 
of this study was to assess the effect of sweat rate, induced by exercise in different 
environmental temperatures, on sweat electrolyte concentrations. 
The regional sweat collection used in the present study (and in chapter 6) is simple and 
convenient, and is therefore ideal for use in field work. However, regional sweat 
collection has been shown to produce significantly higher local sweat rates, and 
electrolyte concentrations than the whole-body wash down method (Shirreffs and 
Maughan 1997; Patterson et al. 2000). The second aim of this study was to compare a 
method of regional sweat collection to the whole body wash down method described by 
Shirreffs and Maughan (1997). 
In summary the aims of the present study were to assess the effect of sweat rate on the 
relationships of sweat rate and sweat constituents by two different collection methods. 
Sweat rate was manipulated by exercise in two different environmental temperatures. 
Two different sweat collection methods were used allowing a comparison of these 
methods. 
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5.2 Methods 
Eleven subjects volunteered to participate in this investigation (7 males, 4 females; age 
27 ± 5 years; height 173 ± 9cm; body mass 66.95 ± 9.18 kg). Subjects attended the 
laboratory on two occasions separated by at least one week. Subjects cycled on a friction 
braked cycle ergometer (monark ergomedic 824 E, Vansbro, Sweden) for six ten minute 
periods at 1.8 W/kg body mass for males and 1.5 W/kg body mass for females. Between 
each ten minute exercise period subjects rested seated on the cycle ergometer, and 
therefore the exercise protocol lasted for 85 minutes. The purpose of the present study 
was to induce different sweat rates and therefore subjects performed the exercise protocol 
in one of two environmental conditions, in a randomised order. On one trial the 
environmental temperature was 27 ± 1 QC and the humidity was 64 ± 8% (Trial C); on the 
other trial the environmental temperature was 34 ± 1 QC and the humidity was 54 ± 6% 
(Trial W). 
During the exercise protocol sweat was collected from the subjects using two methods of 
sweat collection. Whole body sweat composition was determined using the whole-body 
wash-down technique described by Shirreffs and Maughan (1997). In preparation for the 
process a cycle ergometer (monark ergomedic 824 E, Vansbro, Sweden) was cleaned 
thoroughly using first tap water, followed by distilled water before being finally rinsed 
twice in deionised water, and being left to drip dry. When the ergometer had dried it was 
covered with a large plastic sheet to prevent contamination. Towels and exercise clothing 
were also washed in tap water, distilled water and twice in deionised water before being 
left to dry. When dry these were wrapped in Clingfilm until used. Preliminary testing 
showed that these processes left the ergometer and the materials free from electrol ytes. 
On the day of testing a large polythene bag (Visqueen silage bags, BPI Agri, Cleveland, 
UK) was stretched around a plastic frame of approximate dimensions: 100 cm by 150 cm 
by 130 cm high. The cycle ergometer was then lifted into the polythene bag by two 
people. When handling the ergometer or the inside of the bag latex gloves were worn and 
care was taken not to touch either of these things with any other part of the body or 
clothing. 
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Four litres of distilled de ionised water was poured into four squeezable sports bottles. In 
addition,.20 mmol/l of ammonium sulphate was added to five litres of distilled deionised 
water and was poured into a further five squeezable sports bottles. A Sml sample of the 
20 mmolll ammonium sulphate solution was collected and stored. 
Experimental protocol 
On arrival at the laboratory subjects were asked to completely empty their bladder. The 
volume of urine produced was recorded and a sample was collected. Subjects then 
showered and washed themselves thoroughly using soap. After showering subjects 
stepped into a metal tray and washed themselves down with distilled deionised water by 
spraying the water onto themselves from squeezable sports type bottles. Subjects then 
dried themselves using one of the deionised towels washed as described earlier. Before 
stepping out of the metal tray the subjects put on plastic overshoes to ensure that the feet 
did not become contaminated from the floor when walking to the cycle ergometer. 
Subjects were then weighed in the nude apart from the plastic overshoes. Subjects then 
climbed into the polythene bag taking care to remove the plastic overshoes without 
touching the ground. The top bar of the frame could be removed if required to aid 
subjects in performing this process safely. Once inside the polythene bag subjects put on 
the exercise clothing washed previously as described above (lightweight shorts for males, 
lightweight shorts and a Lycra sports bra for females). Sweat collection patches were then 
applied as described in the general methods section (Chapter 2). 
At the end of exercise sweat collection patches were removed as in the methods section 
(Chapter 2). Subjects were then asked to remain in the polythene bag whilst washing 
themselves down using four litres of the deionised water with 20mmol/l ammonium 
sulphate added. Subjects were reminded of the importance of ensuring that all of the 
water remained in the bag and asked to ensure that no water was spilt over the side of the 
bag, and were observed to ensure that they complied with this instruction. Subjects then 
removed the clothing worn for exercise and left them in the bottom of the bag, then 
wiped as much surface water from their skin as possible before climbing out of the bag. 
Subjects then dried themselves with a towel before being weighed in the nude. 
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Following the exercise protocol, the cycle ergometer was washed down with the 
remammg one litre of 20 mmol/I ammonium sulphate solution. The concentration 
sodium, potassium and chloride in the sweat collected in the sweat patches was 
determined as described in the general methods chapter. The aim of this experiment was 
to induce two different sweat rates to asses the effect on sweat composition. Two subjects 
followed a slightly different protocol to the other nine subjects, who performed the above 
protocol. Two subjects cycled continuously for one hour instead of following the 
intermittent protocol. These two subjects cycled in different environmental conditions to 
the other nine subjects. Trial A was conducted in environmental conditions of 23 ± 1°C 
and 64 ± 4%, while trial B was conducted in environmental conditions of 30 ± O°C and 
74 ± 7% humidity. Sweat rate (l/h) tended to be higher in these two subjects, but the 
difference in sweat rate between the trials was 23% compared to 25% for the other nine 
subjects and therefore these two subjects have been pooled with the subjects who 
performed intermittent exercise. 
The concentration of sodium, potassium, chloride, ammonium and sulphate in the wash 
down solution was determined by ion chromatography (Dionex, Camberley, UK). The 
change in concentration of the ammonium sulphate from the sample collected in the 
preparatory routine, to that of the wash down solution allowed calculation of the volume 
of water and unevaporated sweat collected in the silage bag following the wash down 
protocol. The concentrations of sodium, potassium and chloride were then calculated by 
dividing the total electrolytes detected in the wash down water by the volume of sweat 
calculated from the change in body mass during exercise. 
Statistical analysis 
Whole body sweat collection data was not collected for one subject due to technical 
problems. Therefore the regional sweat collection data is presented for all eleven 
subjects, but whole body sweat data only applies to ten subjects. Where comparisons 
were made between regional and whole body sweat collection only the ten subjects for 
whom both sets of data were complete were considered. Differences between trials were 
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determined using paired t tests where data were normally distributed and by Wilcoxon 
tests where data were not normally distributed. Differences in electrolyte concentration 
between sweat patch sites were determined by one-way ANOVA and Tukey's post hoc 
tests when data were of normal distribution, and by Kruskal-Wallis and Mann-Whitney 
tests when data were not of normal distribution. Relationships between variables were 
determined using Pearson's product moment correlation analysis. Where data were 
normally distributed data are presented as mean ± standard deviation, and are presented 
as median and range if data were not normally distributed. 
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5.3 Results 
A summary of the mean ± SD body mass data for the eleven subjects is presented in table 
5.3.1. Absolute and percentage body mass loss were greater in the warm conditions as 
compared to the cool conditions (P < 0.01). 
5.3.1. Summary of body mass data for the eleven subjects involved in the study. a 
denotes a significant difference between trials (P < 0.0 I). 
Initial body mass (kg) 
Mass loss (kg) 
Mass loss (%) 
Values are mean ± SD 
Regional sweat collection 
Trial C 
66.91 ± 9.32 
0.80 ± 0.29 
1.18 ± 0.35 
Trial W 
66.99 ± 9.04 
1.01 ± 0.29 a 
1.49 ± 0.33 a 
A two-way ANOVA determined that there was no interaction of the environmental 
temperature and collection site on sweat composition (P > 0.5). Therefore when 
determining differences between trials, values from different sites have been grouped 
together, and when determining differences between sites, values from different trials 
have been grouped together. 
There was a large variation in whole body sweat rate and sweat electrolyte concentration 
between subjects. Mean whole body sweat rate and regional sweat sodium, potassium and 
chloride concentration for each environmental temperature is presented in table 5.3.2. 
Sweat rates were 0.61 ± 0.26 and 0.80 ± 0.29 IIh in the C and W trials respectively and 
was significantly higher in the W trial than in the C trial (P < 0.0 I). Mean electrolyte 
concentrations in the cool and the heat were 54 ± 15 and 64 ± 14 mmolll, 5.2 ± 1.6 and 
5.5 ± 1.6 mmol/l, and 48 ± 15 and 59 ± 14 mmol/l for sodium, potassium and chloride. 
Mean sodium and chloride concentrations were higher in the W than in the C trial (P < 
0.01), but there was no difference in mean potassium concentration between trials (P > 
0.5). 
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Table 5.3.2. Mean ± SO whole body sweat rate and mean ± SO regional sweat sodium 
and chloride concentration with range in brackets. a denotes a significant difference 
between trials. 
Trial C Trial W 
Sweat rate (lIh) 0.61 ± 0.26 (0.30 - 1.06) 0.80 ± 0.29 (0.48 - 1.30)" 
Na + (mmol/l) 54 ± 15 (33 - 79) 64± 14 (42-90)" 
K+ (mmolll) 5.2 ± 1.6 (2.0 - 7.6) 5.5 ± 1.6 (3.2 - 8.5) 
cr (mmolll) 48 ± 15 (27 - 77) 59 ± 14 (36 - 84)a 
Values are mean ± SO with range in brackets 
Table 5.3.3 shows the mean sodium, potassium and chloride concentrations at each 
regional collection site when data from the two temperature trials is pooled. Sweat 
sodium concentration was significantly greater at the chest (70 ± 16 mmolll) than at the 
thigh (49 ± 20 mmolll; P < 0.01). Sweat potassium concentration was greater (P < 0.02) 
at the thigh (5.8 mmolll) than at the back (3.7 mmol/l) or chest (4.7 mmolll), and greater 
at the arm (5.3 mmol/l) than at the back (P < 0.02). 
Table 5.3.3. Sweat electrolyte concentration (mmol/l) at each collection site when data 
from both trials was pooled. Sodium and chloride are presented as mean ± SD, potassium 
is presented as median (range). a denotes a value significantly lower than at the back and 
chest (P < 0.01), b denotes a value significantly greater than the back and chest (P 
<0.02), c denotes a value significantly greater than the back (P <0.02). 
Na K Cl 
Thigh 49 ± 20a 5.8 (1.5 - 12.5)" 43 ± 22 a 
Back 61 ± 17 3.7 (1.9 - 7.3) 57 ± 17 
Forearm 55 ± 21 5.3 (3.1 - 10.31' 49± 20 
Chest 70± 16 4.7 (1.2 -11.1) 66 ± 16 
Values are mean ± SO with range in brackets 
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Regional sweat sodium concentration was strongly related to regional sweat chloride 
concentration (r = 0.94; P < 0.01; Figure 5.3.1), but the relationship between regional 
sweat potassium concentration and both regional sodium concentration (r = 0.21; P 
=0.05; Figure 5.3.2) and regional chloride concentration (r = 0.17; P> 0.1; Figure 5.3.3) 
was weak. 
Figure 5.3.1. The relationship between regional sweat sodium concentration and regional 
sweat chloride concentration (r = 0.94, P < 0.01). 
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Figure 5.3.2. The relationship between regional sweat sodium concentration and regional 
sweat potassium concentration (r = 0.21, P = 0.05). 
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Figure 5.3.3. The relationship between regional sweat chloride concentration and 
regional sweat potassium concentration (r = 0.17, P> 0.1). 
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Whole body sweat rate and regional sweat composition 
Whole body sweat rate, calculated from the change in body mass during exercise, was 
correlated with the mean sweat electrolyte concentration from the four regional collection 
sites. Whole body sweat rate was weakly correlated with regional electrolyte 
concentration for sodium (r = 0.21; P > 0.3; Figure 5.3.4), potassium (r = 0.39; P > 0.1; 
Figure 5.3.5) and chloride (r = 0.34; P > 0.1; Figure 5.3.6). Whole body sweat rate was 
also correlated with the mean sweat electrolyte concentrations at each site. The 
correlation coefficients for each site for sodium, potassium and chloride are presented in 
Table 5.3.4. 
Figure 5.3.4. The relationship between whole body sweat rate (l/h) and mean regional 
sweat sodium concentration (r = 0.21). 
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Figure 5.3.5. The relationship between whole body sweat rate (l/h) and mean regional 
sweat potassium concentration (r = 0.34). 
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Figure 5.3.6. The relationship between whole body sweat rate (l/h) and mean regional 
sweat chloride concentration (r = 0.34). 
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Table 5.3.4. Correlation coefficients from whole body sweat rate and mean sweat 
electrolyte concentration at each collection site. 
Na K Cl 
Thigh 0.22 0044 0.37 
Back 0.16 0.27 0.31 
Forearm 0.16 0.13 0.21 
Chest 0.12 0.18 0.17 
Whole body sweat collection 
Sweat sodium concentration calculated using the whole body wash down method was 
36.6 ± lOA mmol/l and 24.7 ± 11.5 mmol/l on trial Wand C, potassium concentration 
was 404 ± 0.8 mmolll and 3.9 ± 0.7 mmol/l, while sweat chloride concentration was 3604 
± 15.0 and 20.6 ± 14.3 mmolll. Whole body sodium (P < 0.01), potassium (P < 0.04) and 
chloride (P < 0.02) concentrations were higher in trial C than in trial W (Table 5.3.5). 
Table 5.3.5. Mean ± SD whole body sweat electrolyte concentration (mmolll) in Trials C 
and W. a denotes a significant difference between trials. 
Na K Cl 
Trial C 24.7 ± 11.5 3.9 ± 0.7 20.6 ± 14.3 
Trial W 36.6 ± 10Aa 404 ± 0.8a 3604 ± 15.0a 
Whole body sweat sodium concentration showed a strong positive relationship with 
whole body sweat chloride concentration (r = 0.94; P < 0.01; Figure 5.3.7). Whole body 
sweat potassium was less strongly related to both sodium (r = 0.60; P < 0.01; Figure 
5.3.8) and chloride concentration (r = 0.53; P < 0.02; Figure 5.3.9). 
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Figure 5.3.7. The relationship between whole body sweat sodium concentration (mmolll) 
and whole body sweat chloride concentration (mmol/l) (r = 0.94, P < 0.01). 
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Figure 5.3.8. The relationship between whole body sweat sodium concentration (mmolll) 
and whole body sweat potassium concentration (mmolll) (r = 0.60, P < 0.01) 
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Figure 5.3.9. The relationship between whole body sweat potassium concentration 
(mmol/l) and whole body sweat chloride concentration (mmol/l) (r = 0.53, P < 0.02). 
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The association between whole body sweat rate and sweat electrolyte concentrations are 
shown in figures 5.3.10 - 5.3.12. Sweat chloride showed the strongest relationship to 
whole body sweat rate (r = 0.60), the correlation coefficient for sodium concentration, 
and potassium concentration and sweat rate being r = 0.42 and 0.37 respectively. 
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Figure 5.3.10. The relationship between whole body sweat rate (l/h) and whole body 
sweat sodium concentration (mmol/l) (r = 0.42). 
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Figure 5.3.11. The relationship between whole body sweat rate (l/h) and whole body 
potassium concentration (mmo1l1) (r = 0.37). 
7.0 
c 
0 Y ; 0.9694x + 3.4921 ~ 6.0 R2; 0.1393 • 
-c Cl> 
• U c 5.0 0 
u 
• E • • •• 
·==-40 • • • III _ • • • • • 111- • • 
.. 0 
• o E 
Co E. 3.0 
• 
-.. • Cl> 
3: 
III 
>-
2.0 
.., 
0 
.c 1.0 Cl> 
"0 
.c 
== 0.0 
0 0.2 0.4 0.6 0.8 1.2 1.4 
Whole body sweat rate (1/h) 
113 
Chapter 5 Sweat col1ection during exercise 
Figure 5.3.12. The relationship between whole body sweat rate (lib) and whole body 
chloride concentration (mmol/l) (r = 0.60). 
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The sweat concentration from the regional collection method was determined by taking 
the arithmetic average of the sweat concentration at each site. This value can be 
compared to the value obtained using the whole body wash down method. The regional 
sweat collection technique resulted in significantly higher values for the sodium, 
potassium and chloride concentrations (P < 0.01) as shown in table 5.3.6. 
Table 5.3.6. Mean ± SD sweat composition (mmol/l) as derived from the regional 
collection method and the whole body wash down method. Data from each trial has been 
pooled. a denotes a significant difference between methods (P < 0.01). 
Na K Cl 
Regional method 56 ± 13" 5.2 ± 1.7" 51 ± 13" 
Wash down method 30.7 ± 12.3 4.2 ±0.8 28.5± 16.4 
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Strong positive correlations were found between sweat electrolyte concentrations for 
sodium, potassium and chloride. The correlation coefficient for the relationship between 
sodium concentration as measured by each method was r = 0.83 (figure 5.3.13), while the 
correlation coefficients for the potassium and chloride concentrations measured by each 
method were r = 0.73 and r = 0.77 respectively (Figure 5.3.14 and figure 5.3.15). 
Figure 5.3.13. The relationship between the sweat sodium concentration (mmol/l) as 
measured by the regional collection method and the whole body wash down method (r = 
0.83). 
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Figure 5.3.14. The relationship between the sweat potassium concentration (mmol/l) as 
measured by the regional collection method and the whole body wash down method (r = 
0.73) 
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Figure 5.3.15. The relationship between the sweat chloride concentration (mmol/l) as 
measured by the regional collection method and the whole body wash down method (r = 
0.77). 
60.0 
" y= 0.9649x- 20.61 0 
• 
'" .. R' = 0.573 • ~ 50.0 
-
" • • 
" 0 t 
" 0 40.0 0 
" ~E" 
.20 30.0 • J: E !! E 
• • .. - • ~ 20.0 • III 
... 
"8 
.c 10.0 • oS! 
0 
.c: 
• ::: 
0.0 
0 20 40 60 80 100 
Mean regional sweat chloride concentration (mmoln) 
116 
Chapter 5 Sweat collection during exercise 
Comparison of data for males and females 
Mean sweat rate in the C and W trials respectively for males was 0.73 ± 0.23 IIh and 0.94 
± 0.27 IIh, in comparison to 0.36 ± 0.06 IIh and 0.61 IIh in females. At the end of the 
exercise protocol body mass in males had decreased by 1.36 ± 0.33% and 1.64 ± 0.33% 
of body mass in the C and W trials respectively. Females had lost 0.91 ± 0.27% and 1.32 
± 0.16% of body mass following the C and W trials. A comparison of the sweat 
composition data for males and females by each collection method is presented in Table 
5.3.7. As discussed in Chapter 2, the effect of the menstrual cycle on the fluid balance 
and sweating response to exercise in the heat was not accounted for in this investigation. 
The purpose of this investigation was to determine the effect of sweat rate on sweat 
composition. Sweat rate may be influenced by the menstrual cycle, but this will only 
affect the results of the present investigation if the menstrual cycle has effects on sweat 
composition that are independent of sweat rate. 
Table 5.3.7. A comparison of the mean ± SD sweat electrolyte concentration values for 
males and females obtained by each collection method. Data from each trial was pooled. 
Regional method 
Males 
Females 
Wash down method 
Males 
Females 
Na K Cl 
61 ± 14 
56 ± 19 
34.8 ± 9.9 
24.4 ± 13.5 
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5.6 ± 1.5 
4.9 ± 1.7 
4.3 ± 0.6 
4.0 ± 1.0 
56 ± 13 
50 ± 19 
35.7 ± 13.9 
17.7± 14.4 
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5.4 Discussion 
Comparison of whole body and regional collection methods 
Sweat composition was found to be significantly higher using the regional collection 
method than when using the whole body washdown method. The sodium, potassium and 
chloride values obtained in the present study by the whole body wash down method were 
30.7 ± 12.3 mmolll, 4.2 ± 0.8 mmol/l, and 28.5 mmolll respectively, compared to 56 ± 13 
mmolll, 5.2 ± 1.7 mmolll, and 51 ± 13 mmol/l for the mean regional collection from four 
sites. This finding has previously been reported by investigators using a similar protocol 
to the present study (Shirreffs and Maughan 1997; Patterson et al. 2000). Patterson et al. 
(2000) reported whole body sweat sodium, potassium and chloride values of24.1 ± 15.0 
mmol/l, 3.25 ± 0.62 mmol/l, and 18.6 ± 15.9 mmolll, compared to mean concentrations 
from four regional sites similar to the present study of 38.6 ± 20.9 mmolll, 4.13 ± 0.76 
mmolll, and 22.5 ± 17.7 mmolll. The values reported by Shirreffs and Maughan (1997) 
were higher than in the present study and that of Patterson et al. (2000). The values 
obtained using the whole body wash down method were 51.6 ± 18.3 mmolil and 48.0 ± 
14.2 mmol/l, while a regional collection from a single site on the back provided sweat 
electrolyte concentrations of75.3 ± 21.9 mmol/l and 57.5 ± 15.5 mmol/l for sodium and 
chloride respectively. Unlike the present study and that of Patterson et al. (2000), the 
potassium values obtained by Shirreffs and Maughan (1997) were higher using the whole 
body wash down method than the regional collection (5.6 ± 1.8 vs 3.7 ± 1.2 mmolll). 
This may be explained by the fact that the study of Shirreffs and Maughan (1997) used 
regional collection from only one site: the centre of the back, and the regional collection 
from the back in the present study produced the lowest value of the four tested. The 
higher values reported when regional collections are made in comparison to the whole 
body wash down technique may be due to the local effects of the regional collection 
methods. The artificial climate created underneath the sweat patch possibly affects sweat 
composition by increasing skin temperature and thereby increasing sweat rate (Nadel et 
al. 1971). Increased sweat rate at regional sites has been associated with increased sweat 
sodium concentration (Allan and Wilson 1971). On the other hand, skin wetedness has 
been shown to suppress sweat rate and may have resulted in a decrease in sweat 
electrolyte concentration (Nadel and Stolwijk 1973). 
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The regional collection method showed a good relationship with the whole body 
collection method for sodium, potassium and chloride, as shown in figures 5.3.13 -
5.3.15. Subjects who showed sweat electrolyte concentrations at the high end of the range 
for one method showed sweat concentrations at the high end of the range using the other 
method. This would suggest that the regional collection method is valid for predicting 
whole body sweat electrolyte concentrations. The regional collection method is clearly 
more convenient and less time consuming than the whole body wash down method and 
provides the opportunity to allow collection of sweat samples in a much wider range of 
situations. It has previously been reported that whole body sweat composition can be 
predicted from the mean of regional collections for sodium and chloride but not for 
potassium (Patterson et al. 2000). The present study found a correlation of 0.73 for the 
relationship between the potassium values obtained from the whole body wash down 
method and the regional collection method. In addition, Shirreffs and Maughan (1997) 
reported higher potassium concentration values using the whole body collection method 
than the regional collection method, in contrast to the present study and the study of 
Patterson et al. (2000). In the present study sodium concentration was 82% greater when 
measured by the regional collection method than by the whole body wash down, 
potassium values were 24% greater, and chloride values were 79% greater. In 
comparison, Shirreffs and Maughan (1997) reported that sodium and chloride values 
were 46% and 20% greater when using the regional collection at one site on the back, but 
that potassium concentration was 34% less when measured by regional collection. 
Patterson et al. (2000) reported that sodium values were 60% greater when using the 
regional collection method, potassium values were 27% greater and chloride vales were 
20% greater. Therefore it is not possible to reach a consensus from the three studies 
quoted to arrive at a figure that would allow calculation of whole body sweat rate from 
regional collections due to the varying differences between the values obtained from each 
method in the studies. 
Comparison of sweat composition in differing environmental conditions 
This study set out to investigate sweat composition by manipulating the sweat rate during 
exercise. The exercise protocol successfully produced significantly different sweat rates. 
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The sweat rates differed by a mean volume of 0.19 ± 0.15 IIh or 25 ± 17% between the 
trials. Previous studies have suggested that sweat composition is affected by sweat rate. 
Allan and Wilson (1971) demonstrated that within an individual regional sweat sodium 
concentration at the subscapular region of the back increased with sweat rate within a 
range of 10 - 58 mmolll. Similar findings were reported by Cage and Dobson (1965), 
when sweat was collected from the forehead of six men under different temperature and 
exercise conditions producing different sweat rates. Boisvert et al. (1993) reported that 
during prolonged exercise the sodium concentration of sweat collected at the upper 
thorax increased in proportion to sweat rate in the range 40 - 80 mmol/l. Finally, Sato and 
Dobson (1970) report an increase in sweat sodium concentration with increasing sweat 
rate at the upper back of three men in the range 10 - 80 mmolll. Given the close 
association between sweat sodium and chloride concentration reported in the present 
study and by others (Costill 1977; Patterson et al. 2000), sweat chloride concentration 
would be expected to show a similar relationship to sweat sodium concentration and this 
has been reported previously (Costill 1977). Sweat potassium concentration has 
previously been reported to be unrelated to sweat rate, in the same paper that reported a 
positive relationship between both sweat sodium and chloride concentration and sweat 
rate (Costill 1977). 
In the present study when sweat rate was higher due to the warmer conditions in trial W 
sweat sodium and chloride values were higher, when obtained by both regional collection 
and the whole body wash down method. This is consistent with the possibility that 
increasing sweat rate resulted in an increase in the electrolyte concentration of the sweat, 
due to the reduced transit time through the reabsorptive duct causing less recovery of 
electrolytes from the lumen of the sweat gland. Sweat potassium concentration was found 
to be higher in Trial W by the whole body wash down method, but there was no 
difference between trials in sweat potassium concentration as measured by the regional 
collection method. It is unclear as to why the whole body washdown method found a 
difference in sweat potassium concentration when the regional collection method did not. 
Patterson et al. (2000) suggested that the whole body method may be inadequate for the 
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detennination of sweat potassium concentration, but there seems no reason to believe that 
that may be the case in the present study. 
The present study found poor relationships between sweat rate and sodium, potassium 
and chloride concentration as measured by the regional collection method. This was true 
for the mean values from the four sites and for each site individually. It is perhaps not 
surprising given the differences in sweat rate and composition between regions of the 
body reported in this study and others (Patterson et al. 2000), that no relationship was 
found between these values and the whole body sweat rate. The regional collection 
method employed in the present study does not allow accurate detennination of the 
volume of sweat collected and therefore it is not possible to compare regional 
composition and regional sweat rate. 
The whole body sweat rate showed a moderate correlation with the sweat chloride 
concentration (r = 0.60), but the relationship was less strong for the sweat sodium 
concentration (r = 0.42) and the sweat potassium concentration (r = 0.37). The 
differences in sweat rate and sweat composition between trials were relatively small 
compared to the interindividual variability between subjects, and this may partly explain 
why the correlations between whole body sweat rate and sweat electrolyte concentration 
are not greater. 
In summary, this study continned that sodium and chloride concentration can be 
predicted from regional collection at four body sites, and found that potassium 
concentration was similarly predictable. Using the data from this study, sodium 
concentration was found to be 82% greater, potassium concentration 24% greater and 
chloride concentration 79% greater when collected from regional sites than using the 
whole body washdown method. 
Sweat sodium and chloride concentrations were found to be greater in the wanner trial. 
This is consistent with the suggestion that the decreased time for reabsorption in the 
sweat gland duct when sweat rates are increased is responsible for an increase in sweat 
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electrolyte concentration. However, the correlations between whole body sweat rate and 
sweat electrolyte composition were less convincing. It is unclear whether potassium is 
affected by sweat rate as whole body wash down suggested that the sweat potassium 
concentration was higher in the warmer conditions, but the regional collection method 
did not. 
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Chapter 6 
Sweat loss and fluid intake in professional football 
players during training 
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6.1 Introduction 
There has been a large volume of analysis of the physical and physiological demands of 
competitive football in individuals from teams of a wide variety of standards and 
nationalities. The volume of data is out with the scope of this thesis, but comprehensive 
reviews on the physical, physiological and metabolic demands of football matches have 
been published (Reilly 1997; Reilly 1990; 13angsbo 1994a, b). 
There is some difficulty in quantifying activity patterns during football play due to the 
wide variety of movement types involved in play and the high frequency of change 
between these types of movements. The general consensus in the literature is that players 
run 8 - 12 km during a game, with midfielders and full backs covering slightly more 
distance than other positions. The energy demand of playing is higher than would be 
calculated from this value due to the other movement types involved in playing (changing 
direction, jumping, running sidewayslbackwards etc.). The average energy consumption 
during match play for elite players is in the region of 70% of V02 max for 90 minutes 
(8angsbo 2002). The metabolic heat production caused by this intensity of work during 
football play results in an increase in core temperature, which has been reported to be 
more than elicited by a similar intensity of steady state exercise (Ekblom et a!. 1971). In a 
review of the available literature on rectal temperature during competitive football 
Maughan and Leiper (1994) report that the range was from 39.2°C to 39.9°C at the end of 
play over a range of environmental conditions. Evaporation of sweat is the major route of 
heat loss from the body during football, especially if the environmental temperature is 
high. Kirkendall (1993) reports sweat loss of 1.31kg or 1.7% of pre game body mass 
during a non competitive match (environmental conditions: 19°C, 55% humidity). 
Mustafa and Mahmoud (1979) reported sweat losses of over 2 litres (>3% of body mass) 
during two Olympic qualifying matches in environmental conditions of 26°C, 78% 
humidity and 33°C, 40% humidity. 
While much is known about the demands of competitive football matches on players, 
there appears to be very little information concerning training sessions. Broad et a!. 
(1996) reported that fluid intakes in a football team were less than that required to replace 
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sweat losses in training and competition in summer and winter. In addition, Shirreffs et 
al. (2003) reported the sweat losses and fluid intakes of professional football players 
during pre season training in warm conditions. 
Moderate levels of dehydration have been shown to reduce subsequent exercise 
performance in prolonged running (Armstrong et al. 1985), reduce exercise capacity at 
70% V02 max (Fallowfield et al. 1996) and reduce intermittent running capacity 
(Maxwell et al. 1999). Moderate dehydration during football may have a detrimental 
effect on the ability to perform optimally especially as environmental temperature rises 
above 30°C (Coyle 2004), while more severe dehydration can lead to illness and even 
death. J(jrkendall (\993) reports the case ofa youth football tournament played in July in 
the USA in high environmental temperatures (>30°C). Eighteen players collapsed from 
heat exhaustion in the first two days and sixteen more collapsed during the remaining 
four days of the tournament. 
Professional football players usually train 4 - 5 days per week in addition to playing I or 
2 competitive matches. During the pre season training period, where training load tends 
to be more intense in order to regain match fitness following the off-season, training may 
involve two sessions per day. In light of the reported effects of hypo hydration on exercise 
performance (Coyle 2004), it is important to assess the effect of these training sessions on 
fluid balance in footballers. The aim of this study was to assess the sweat losses and fluid 
intakes of elite professional football players during normal training sessions in order to 
evaluate the fluid balance of these players. One major area of interest was to determine if 
players drank enough fluid during training to offset the sweat losses incurred sufficiently 
to prevent a possible decrease in performance. If dehydration occurs due to sweat losses 
the training performance may be affected. Any reduction in training performance could 
result in reduced fitness and thereby affect competitive performance. In addition if net 
fluid losses during training are not replaced before the next training session (which may 
be later the same day) the ability to train optimally may be decreased, as prior 
hypohydration impairs exercise performance (Armstrong et al. 1985; Maxwell et al. 
1999; Burge et al. 1993). 
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Football players may lose relatively large quantities of electrolytes due to the profuse 
sweating induced by training. Players who experience large electrolyte losses may need 
to pay special consideration to increasing electrolyte intake in the diet to ensure losses are 
replaced. Replenishment of lost electrolytes is essential if body fluid balance is to be 
completely restored before the next training session (Takamata et al. 1994; Shirreffs 
2000a). Failure to replace electrolytes lost in sweat may lead to cumulative deficiency 
and electrolyte loss has recently been implicated in the aetiology of muscle cramp 
(Bergeron 1996; Stofan 2003). A second aim of this study was to determine the sweat 
composition of elite football players during training. Analysis of sweat composition 
allows estimation of the electrolyte losses incurred through sweating during football 
training. Sweat samples were collected using self adhesive absorbent patches as described 
in the previous chapter. This allows a comparison to be made between data collected in 
the laboratory and in the field. 
In summary the aim of this study was to determine the fluid balance and electrolyte 
losses of elite football players during normal training sessions. 
6.2 Methods 
Measurements were made at four elite professional football clubs on 85 male players who 
play in top European leagues. The physical characteristics of the players at each club, and 
as one data set are shown in table 6.2.1. Measurements were made during the course of 
normal training sessions. The ambient conditions during the four training sessions are 
presented in table 6.2.2. Two of the teams were studied during pre-season training and 
two during the competitive season. Training sessions all lasted approximately 90 minutes 
and generally followed a similar pattern at each club. The first part of each session was a 
warm up period of 10 -15 minutes of jogging, stretching and ball drills. This was 
followed by some drills involving sprinting and changes of direction. Each session also 
included game play lasting for 20-30 minutes, some time on skills traininglball work and 
finished with a short warm down. 
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Table 6.2.1.Physical characteristics of all players at each club and when players from all 
clubs are treated as one data set. 
n Age (yrs) Body mass (kg) Height (m) 
Club A 17 23 ±4 78.06 ± 6.80 1.79 ± 0.07 
ClubB 24 27 ±4 80.36 ± 5.36 1.81 ± 0.04 
Club C 24 28 ±4 80.36 ± 6.26 1.80 ± 0.07 
Club D 20 25 ±4 79.00 ± 6.79 1.79 ± 0.13 
All Clubs 85 26±4 79.58 ± 6.14 1.80 ± 0.08 
Values are mean ± SD 
Table 6.2.2. Mean ambient conditions during the training sessions. 
Club A 
ClubB 
ClubC 
ClubD 
Values are mean ± SD 
Fluid Balance 
Temperature (0C) 
5±1 
27±2 
25±1 
28±1 
Relative humidity (%) 
81±6 
55±6 
66±2 
56±4 
On arrival at the training ground players were instructed to empty their bladders 
completely. A sample of this urine was retained in order to measure urine osmolality as a 
measure of pre training hydration status (Shirreffs 2000b). Players were then weighed 
either in the nude, or wearing only underwear, on a digital electronic scale (Adam 
Equipment Co., Milton Keynes, UK) to the nearest 20g. Following weighing, subjects sat 
to have sweat collection patches applied as described later. During this time players were 
instructed not to consume any food, and only to drink from bottles provided as described 
in the following paragraph. Players then left to prepare for training as normal. 
During training players were instructed to drink only from bottles that were provided and 
marked with each player's name and squad number. Players were only allowed to drink 
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from the bottle designated to them and were observed during training, especially during 
rest periods, to ensure that these instructions were complied with. The bottles contained 
the drink or drinks that players usually consumed during training. Therefore players were 
often provided with more than one drinks bottle containing different beverages. Players 
were free to drink as they would during any training session. The drinks were arranged so 
that they were casily accessible to the players during training, as normal, and spare 
bottles were coded so that any player who finished his original designated supply could 
be provided with further drinks. The bottles were all weighed before and after training 
and therefore it was possible to determine the amount of fluid consumed by each player 
during the training session. Consultation with coaches before the measurement sessions 
revealed that players often use water to pour over themselves, or their boots etc. and 
therefore additional bottles were provided for this reason and players were observed to 
ensure that these bottles were used only for this purpose. Any player who wished to 
urinate during the training period was instructed to do so into a container, and the volume 
of urine produced was recorded. 
Following training players proceeded directly to the weighing room where they towelled 
sweat from the surface of the skin and were then weighed in the nude. Sweat loss was 
then calculated from the change in body mass corrected for the volume of fluid consumed 
and any urine passed during the training session. 
Sweat Collection 
Sweat collection was performed and samples were analysed as described in the general 
methods chapter. Briefly, self adhesive absorbent patches were attached to the skin at 
four sites (forearm, chest, scapula, and thigh) after the skin had been cleaned with 
deionised water and dried. The patches remained attached throughout the training 
session. Following the end of the training session players directly returned to the 
weighing room, where the sweat collection patches were removed using tweezers and 
were placed immediately into sterile containers. Sweat electrolyte concentration was then 
determined as described in the general methods chapter. 
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Statistical Analysis 
Data was collected for eighty-five players at the four clubs. All data concerning fluid 
balance represents these players. Due to the nature of football training routines some of 
the patches used for sweat collection became detached or contaminated during the 
session. Therefore it was inevitable that there were some missing data sets for the sweat 
concentration calculations. Where complete data sets were available whole body sweat 
composition was estimated from the regional collections using the formula of (Patterson 
et al. 2000) and from the arithmetic mean for comparison. Complete data sets were 
obtained for sixty-one players and these were used for statistical analysis of differences in 
regional sweat electrolyte concentrations. 
Data were tested for normal distribution using the Ryan-Joiner test. Where data was 
normally distributed, regional differences between electrolyte concentrations were 
determined by one-way ANOVA and Tukey's post hoc test. Where data were not 
normally distributed differences in regional electrolyte concentrations were determined 
by Kruskal-Wallis followed by Mann-Whitney tests. Relationships between variables 
were determined using simple correlation analysis. Where data were normally distributed 
data are presented as mean ± Standard deviation, and are presented as median and range 
if data were not normally distributed. 
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6.3 Results 
Fluid balance 
Fluid balance in soccer players during training 
Fluid balance data includes all 85 players involved in the testing procedure. A summary 
of fluid balance data in these players is shown in table 6.3.1 and fluid balance data for 
each club individually is shown in table 6.3.2. Mean mass loss for all players during 
training was 1.06 ± 0.53 kg which corresponds to a dehydration of 1.33 ± 0.65% of pre 
training body mass. There was a large inter-individual variation in the extent of 
dehydration following training. Change in body mass during training ranged from a gain 
of 0.2kg to a loss of 2.38kg, while change in the level of hydration ranged from an 
increase of 0.24% of pre-training body mass to a decrease of 2.75%. The average mass 
loss occurred despite a fluid intake of 0.924 ± 0.479 I during the training session. Again, 
there was a large variation in the amount of fluid consumed, with the player who 
consumed the least fluid drinking only 0.044 I compared to the 2.278 I fluid intake of the 
player who drank the most. Sweat loss was calculated from change in body mass, but 
taking into account the fluid intake and any urine losses. Mean sweat loss was 1.95 ± 
0.48 I during training, ranging from 0.88 I to 3.10 I. As all training sessions were 
approximately 90 minutes in length, approximate sweat rates were 1.30 ± 0.32 l/h, with a 
range of 0.59 to 2.07 l/h. 
Table 6.3.1. Summary of fluid balance data for all players (n = 85). 
Mass Loss (kg) 1.06 ± 0.53 (-0.2 - 2.38) 
Mass Loss (%) 1.33 ± 0.65 (-0.24 - 2.75) 
Sweat Loss (I) 1.95 ± 0.48 (0.88 - 3.1) 
Sweat rate (I/h) 1.30 ± 0.32 (0.59 - 2.07) 
Fluid intake (I) 0.92 ± 0.48 (0.04 - 2.28) 
Values are mean ± SO (range) 
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Table 6.3.2. Summary of fluid balance data at each club. 
Club A (n = 17) a denotes a difference from club D (P < 0.01). b denotes a difference 
from clubs A and D (P < 0.0 I) c denotes a significant difference from all other clubs (P < 
0.01). 
Mass Loss (kg) 1.28 ± 0.48 (0.62 - 2.26) 
Mass Loss (%) 1.62 ± 0.55 (0.87 - 2.75) 
Sweat Loss (I) 1.69 ± 0.45 (1.06 _ 2.65) a 
Sweat rate (I/h) 1.13 ± 0.30 (0.71 - 1.77)b 
Fluid intake (I) 0.42 ± 0.22 (0.04 - 0.95) c 
Values are mean ± SD (range) 
Club B (n = 24) a denotes a difference from clubs A and D (P < 0.01). 
Mass Loss (kg) 1.18 ± 0.48 (0.38 - 1.98) 
Mass Loss (%) 1.46 ± 0.60 (0.46 - 2.58) 
Sweat Loss (I) 2.09 ± 0.40 (1.56 - 2.83) 
Sweat rate (I/h) 1.39 ± 0.26 (1.04 - 1.89) 
Fluid intake (I) 0.97 ± 0.25 (0.53 _ 1.66) a 
Values are mean ± SD (range) 
Club C (n = 24) a denotes a significant difference from club D (P < 0.01). b denotes a 
significant difference from clubs A and D (P < 0.01) 
Mass Loss (kg) 0.88 ± 0.76 (-0.02 - 2.38) 
Mass Loss (%) 1.08 ± 0.88 (-0.24 - 2.60) 
Sweat Loss (I) 1.83 ± 0.59 (0.88 - 3.IO)a 
Sweat rate (I/h) 1.22 ± 0.40 (0.59 _ 2.07) a 
Fluid intake (I) 0.95 ± 0.44 (0.36 - 2.06) b 
Val ues are mean ± SD (range) 
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Club D (n = 20) a denotes a significant difference from clubs A and C (P < 0.01). b 
denotes a significant difference from clubs A, Band C (P < 0.01) 
Mass Loss (kg) 0.86 ± 0.52 (-0.18 - 1.86) 
Mass Loss (%) 1.09 ± 0.64 (-0.24 - 2.30) 
Sweat Loss (I) 2.17±0.39 (1.58 - 2.70)" 
Sweat rate (11h) 1.44 ± 0.26 (1.01 _ 1.80) a 
Fluid intake (I) 1.39 ± 0.44 (0.72 - 2.28)b 
Values are mean ± SD (range) 
Table 6.3.3. Summary of fluid balance data for players in each position. 
n Sweat loss (I) fluid intake (I) Mass change (kg) % change 
Goalkeepers 8 1.94 ± 0.40 0.941 ± 0.594 1.06 ± 0.64 1.23 ± 0.74 
Defenders 28 2.00 ± 0.46 0.920 ± 0.512 1.10 ± 0.64 1.36 ± 0.80 
Midfielders 33 1.88 ± 0.50 0.927 ± 0.464 0.98 ± 0.46 1.27 ± 0.57 
Forwards 16 2.02 ± 0.50 0.960 ± 0.440 1.10 ±0.50 1.36 ± 0.55 
Values are mean ± SD 
Fluid balance for players when grouped by position (goalkeepers, defenders, midfielders 
and forwards) is shown in table 6.3.3. There was no difference in any of the fluid balance 
measurements between the different positions (P > 0.7). 
There was no difference in absolute mass loss or the percentage of body mass lost during 
training between clubs (P > 0.1). Sweat loss during training was higher at club D than at 
clubs A and C (P < 0.01), and sweat rate (11h) was also higher at club D than at clubs A 
and C (P < 0.01). There was no difference in fluid intake between clubs Band C, but 
fluid intake was significantly lower at club A than at any other club (P < 0.01), and 
significantly higher at club D than at any other club (P < 0.01). 
Figure 6.3.1 shows that fluid intake was weakly positively related to sweat loss (r = 0.38) 
during training, suggesting that generally, those with a higher sweat rate consumed more 
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fluid. It seems that to some extent players with higher sweat rates drank more to offset 
these losses. 
As shown in Figure 6.3.2 a significant moderate positive correlation was found between 
the sweat loss and the mass loss during training (r = 0.59), while mass loss showed a 
moderate negative, but significant correlation with fluid intake (r = -0.51; Figure 6.3.3) 
Figure 6.3.1 The relationship between sweat loss (I) and fluid intake during training (I). 
(r = 0.38). 
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Figure 6.3.2 The relationship between sweat loss (I) and mass loss during training (kg). 
(r = 0.59) 
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Figure 6.3.3 The relationship between fluid intake (I) and mass loss during training (kg). 
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Fluid replacement during training was calculated by dividing the fluid intake by the sweat 
loss and multiplying by 100 to give the percentage of sweat losses replaced Table 6.3.4. 
The median (range) percentage fluid replacement for all players was 46% (2 - 112), while 
the values for clubs A, B, C, and D were 23% (2 - 50),49% (20 - 76), 36% (\9 - Ill) and 
64% (31 - 112) respectively. The percentage of fluid replaced was lower at club A than at 
all other clubs (P< 0.01), and was greater at club D than at clubs Band C (P < 0.02). 
Table 6.3.4. The percentage of fluid lost as sweat replaced through drinking during 
training. a denotes a significant difference from clubs B, C and D (P < 0.01). b denotes a 
significant difference from clubs A, Band C (P < 0.02). 
Club A 23% (2 - 50)a 
ClubB 49% (20 - 76) 
ClubC 36% (l9-11I) 
ClubD 64% (31 - 112)b 
All clubs 46% (2-112) 
Values are median (range) 
Comparison of training in cool and warm temperatures. 
It is clear from table 6.2.2 that the ambient conditions were very different during the 
training session at club A in comparison to the other three clubs. The fluid balance results 
have therefore been compared to the results at the other three clubs. The fluid balance 
results for the players tested at clubs B, C and D were grouped together and are presented 
in table 6.3.5 along with the data for club A alone. Mass loss in warm conditions was 
1.00 ± 0.54 kg compared to 1.27 ± 0.47 kg in cool conditions (P < 0.06), corresponding 
to losses in body mass of 1.25 ± 0.66% and 1.62 ± 0.55% compared to before training. 
The percentage of body mass lost was significantly greater in cool conditions than in 
warm conditions (P < 0.03). Sweat losses were greater in warm conditions than in cool 
conditions, being 2.015 ± 0.471 I and 1.694 ± 0.448 I respectively (P < 0.02) and sweat 
rates were also higher in warm conditions (P < 0.02). Players drank 1.049 ± 0.443 I of 
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fluid in wann conditions compared to 0.423 ± 0.215 I in cool conditions, and therefore 
fluid intake was significantly greater in wann conditions than in cool conditions (P < 
0.01). 
Table 6.3.5. Summary of fluid balance data for cool conditions (Club A; n = 17) and for 
wann conditions (Clubs B, C and 0 grouped; n = 68). 
Cool (5°C) Wann (27°C) 
Mass Loss (kg) 1.27±0.47 (0.62 . 2.26) 1.00±0.54 (2.38 - -0.2) 
Mass Loss (%) 1.62±0.55 (0.87 - 2.75) 1.25±0.66 (2.58 - -0.24) 
Sweat Loss (I) 1.69±0.45 (\ .06 - 2.65) 2.02±0.47 (0.88 - 3.1) 
Sweat Rate (I/h) 1.34±0.31 (0.59 - 2.07) 1.13±0.30 (0.72 - 1.77) 
Fluid intake (I) 0.423±0.215 (0.044 - 0.951) 1.049±0.443 (0.243 - 2.278) 
Values are mean ± SO (range) 
Sweat composition 
The sweat collection patches were worn during the course of nonnal training, and due to 
the nature of football training, players inevitably come into contact with each other and 
the ground. Therefore at each club some patches became partially or fully detached and 
were therefore excluded from the analysis. Full sets of sweat samples were obtained for 
only 61 of the 85 players tested and were subsequently tested for sodium and potassium 
concentration. Two players lost one patch at clubs A and B, eight players lost one patch 
and three players lost 2 patches at club C and eight players lost one patch at club D. 
Overall, six patches were lost from the ann, eight from the chest, four from the back and 
eight from the thigh. Chloride concentration was detennined for 34 players from clubs B 
and C. An estimate of whole body sweat composition was made by using a simple 
arithmetic mean of the concentrations at each of the four sites, and also using the 
equation of Patterson et al. (2000). A summary of sweat composition calculated by 
arithmetic mean, and by the equation of Patterson et al. (2000), for all players for whom 
full sweat samples were obtained is presented in table 6.3.6. 
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Table 6.3.6. Summary of estimated whole body sweat composition and electrolyte loss as 
calculated with the arithmetic mean of all four collection sites or by the equation of 
(Patterson et al. 2000) (Na, K n = 62; Cl n = 34) a denotes a significant difference 
between methods (P < 0.0 I). 
Sodium concentration (mmoIll) 
Sodium loss (mmol) 
Potassium concentration (mmol/l) 
Potassium loss (mmol) 
Chloride concentration (mmol/l) 
Chloride loss (mmol) 
Values are mean±SD with (range) 
Arithmetic mean 
46 ± 16 (16 - 80) 
91 ± 42 (29 - 216) 
5A±IA (2.7 - 8.9)" 
10.5 ± 3.9 (4.0 - 21.8) 
44 ± 14 (16-72) 
89 ± 41 (24 - 193) 
Patterson et al. (2000) 
46 ± 16 (IS - 80) 
92±42 (27-215) 
5.2 ± lA (2.8 - 9.3) 
10.3 ± 3.8 (3.5 - 19.9) 
43 ± 14 (15 - 71) 
89 ± 41 (23-191) 
As shown in Table 6.3.6, there is close agreement between .)Vhole body sweat 
composition calculated by the arithmetic mean and by the equation used by Patterson et 
al. (2000). There was no difference between the values calculated for sodium (P > 0.4) 
and chloride (P > 0.6) between the two methods. However, despite the small difference 
between the values calculated by the two methods for whole body potassium 
concentration the arithmetic mean resulted in significantly higher values than the 
equation used by Patterson et al. (2000) (P < 0.01). All subsequent calculations and 
figures are based on the arithmetic mean values. 
There was a significant positive correlation between individual mean sweat sodium 
concentration and individual mean sweat chloride concentration (r = 0.924; Figure 6.3.4), 
but there was no association between sweat potassium concentration and either sweat 
sodium (r= 0.91; Figure 6.3.5) or sweat chloride concentrations (r= -0.23; Figure 6.3.6). 
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Figure 6.3.4. The relationship between whole body sweat sodium concentration and 
whole body sweat chloride concentration (n = 34). (r= 0.924) 
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Figure 6.3.5. The relationship between whole body sweat sodium concentration and 
whole body sweat potassium concentration (n = 61). (r= 0.01) 
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Figure 6.3.6. The relationship between whole body sweat sodium concentration and 
whole body sweat potassium concentration (n = 34). (r= -0.23) 
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There was no association between sweat sodium concentration and sweat rate (r = 0.16; 
figure 6.3.7). Nor was there any relationship between sweat rate and whole body sweat 
concentrations of potassium (r = 0.09; Figure 6.3.8). Chloride concentration showed a 
moderate but significant correlation with whole body sweat rate (r = 0.42; Figure 6.3.9) 
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Figure 6.3.7. The relationship between estimated whole body sweat sodium 
concentration (mmolll) and whole body sweat rate (lib) (n = 62). (r = 0.16) 
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Figure 6.3.8. The relationship between estimated whole body sweat potassium 
concentration (mmol/l) and whole body sweat rate (lib) (n = 62). (r = 0.09) 
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Figure 6.3.9. The relationship between estimated whole body sweat chloride 
concentration (mmol/l) and whole body sweat rate (l/h) (n = 34) (r = 0.42) 
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Regional sweat composition 
Sweat electrolyte concentration differed significantly between measurement sites. 
Median sodium and potassium concentrations at the arm, chest, back and thigh are shown 
in table 6.3.7. Sweat sodium concentration was lower at the thigh than at the other three 
sites (P< 0.05), and was lower at the arm than at the chest and the back (P <0.01). 
Potassium concentration also differed between measurement sites. Potassium 
concentration at the back was lower than at the other three sites (P <0.0 I), and was lower 
at the chest than at the arm or the thigh 
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Table 6.3.7. Sweat electrolyte concentrations at each measurement site. a denotes a 
difference from the arm, chest and back. b denotes a difference from the chest and back 
only. c denotes a difference from the arm, chest and thigh. d denotes a difference from 
the arm and the thigh only. e denotes a difference from the chest, back and thigh. 
Na conc. (mmol/l) K conc. (mmol/l) Cl conc. (mmolll) 
Arm 43 (IS - 90)6 6.3 (3.2 - 11.3) 6 39 (12 - 94)' 
Chest 53 (11-103)d 4.5 (1.4 - 9.4) d 54 (16 - 94)d 
Back 52(14-106t 3.9 (2.2 - S.3)" 51 (12-IOOt 
Thigh 33 (12 - SO)" 5.7 (1.9 - 14.7)b 30 (12 - 4S)" 
Values are median (range) 
Spearman's rank correlation tests were used to determine whether regional sweat 
composition was related to whole body sweat rate. There was no significant correlation 
between whole body sweat rate and any of the regional concentrations of sodium, 
potassium or chloride (Table 6.3.8) 
Table 6.3.8. The association between whole body sweat rate and regional sweat 
composition. Presented as Spearman's rank correlation coefficient (with p-value in 
brackets). 
Sodium Potassium Chloride 
Arm 0.12 (0.370) 0.24 (0.173) 0.05 (0.705) 
Chest 0.19 (0.134) 0.21 (0.233) 0.22 (0.095) 
Back 0.15 (0.26) 0.30 (0.OS4) 0.22 (0.093) 
Thigh -0.01 (0.956) 0.28 (0.108) 0.04 (0.756) 
The method of sweat collection used in the present study does not enable determination 
of regional sweat rates, and therefore it is not possible to determine whether regional 
sweat rate was in part responsible for the differences in regional sweat composition. 
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Urine osmolality 
Urine was collected from only 38 players as clubs C and D, and some individuals at club 
B, were unable or unwilling to provide samples. The median pre-exercise urine 
osmolality was 822 (103 - 1254) for these 39 players. The median urine osmolality values 
at clubs A (n = 17) and B (n = 21) were 857 mOsmlkg (481 - 1228) and 781 mOsmlkg 
(103 - 1254) respectively. A Mann-Whitney test showed that the urine osmolality of the 
players at club A was significantly higher than the osmolality of the players at club B (P 
< 0.025). 
Urine osmolality did not show a significant relationship with sweat loss during training (r 
= -0.231; Figure 6.3.10), and fluid intake was not significantly related to pre-training 
urine osmolality (r = -0.148; Figure 6.3.11). 
Figure 6.3.10. The relationship between Sweat loss during training and pre-training urine 
osmolality (r = -0.231). 
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Figure 6.3.11 The relationship between fluid intake during training and pre·training urine 
osmolality er = -0.148). 
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6.4 Discussion 
Fluid balance 
Fluid balance in soccer players during training 
There was a large variation in the change in body mass during training. This was due to 
large variations in the individual sweat rates of the players and in the amount of fluid 
consumed. Overall sweat rate during training was 1.30 ± 0.32 IIh, while overall fluid 
intake was only 0.92 ± 0.48 IIh and therefore players generally lost body mass during 
training. Only two players from the 85 tested replaced more fluid than was lost as sweat: 
one player at club C gained 0.02 kg while one player at club D increased in body mass by 
0.18 kg during training. Hydration status at the end of the training session ranged from 
euhydration to a dehydration of2.75% ofpre training body mass. 
Fluid intake failed to match sweat losses resulting in the body mass loss observed. 
Players drank 0.924±0.479 I which corresponds to a drinking rate of 0.616±0.319 I/h. 
These are slightly higher than the values reported by Broad et al. (1996) for training in 
the summer, but are similar to the values reported by (Shirreffs 2003). Differences in 
fluid balance between clubs is discussed later in the text. 
Figures 6.3.1 - 6.3.3 shed some light on the reasons for the tendency for players to 
decrease in body mass during training. There was a weak correlation between sweat loss 
and fluid intake (r = 0.38; Figure 6.3.1), demonstrating that while some players may have 
been aware of the need to tailor fluid intake to sweat loss the majority of players did not 
drink enough fluid during training to match sweat losses. Figure 6.3.2 shows that there 
was moderate positive correlation between sweat loss and mass loss, while Figure 6.3.3 
demonstrates that there was a moderate negative correlation between sweat loss and fluid 
intake during training. Three of the twenty players who had the greatest sweat losses 
during training were also in the group of twenty players who drank the least during 
training, suggesting that in some players the mass loss was due to a combination of both a 
high sweat rate and a low fluid intake. 
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Comparison of fluid balance data between clubs 
Table 6.3.2 shows that significant differences existed in fluid balance data between clubs. 
There were no significant differences in mass loss or percentage change in body mass 
during training, but sweat losses and sweat rates were greater at club D than at clubs A 
and C. Fluid intake was lower at club A than at all other clubs and was higher at club D 
than at all other clubs. The differences between club A and the other clubs can be 
explained partly by the different environmental temperature during training at this club. 
Sweat rate was lowest at club A, but was only significantly lower than at club D. Despite 
the cool temperatures (5°C), sweat rate was still over lllh. It has previously been reported 
that during steady state exercise at 70% of V02 max hourly sweat rate in an ambient 
temperature of 4°C was 0.55 llh when subjects were dressed in shorts, socks and shoes, 
compared to a sweat rate of 1.15 llh when ambient temperature was 31°C (Galloway and 
Maughan 1997). The relatively high sweat rates recorded in the present study in an 
environmental temperature of 5°C may be explained by differences in the type and 
intensity of exercise, and the clothing worn by the subjects. Football training is 
intermittent in nature and includes both short bursts of maximal intensity exercise and 
lower intensity exercise. Therefore a large amount of heat is generated and must be 
dissipated. This means that sweating occurs despite the cool environmental temperature 
(Murray 1995). In addition, at clubs B, C and D most players wore only shorts and 
lightweight T-shirts for training (though several players at club C wore training jumpers 
for part of the training session). The players at club A wore several layers of clothing 
including waterproof jackets for the duration of the training session. Clothing provides a 
physical barrier to heat dissipation by convection, radiation and evaporation of sweat, and 
the number of layers worn increases the resistance to heat loss from the body to the 
environment (Havenith 1999; Gavin 2003), creating a micro-environment. It seems, 
therefore that when training in cold conditions players wear more clothing, and thereby 
reduce heat loss to the environment. Due to the decrease in the efficiency of heat loss to 
the surroundings when wearing insulating clothing more sweat must be produced to 
dissipate the heat generated by the exercising muscles than when light clothing is worn. 
Therefore sweat rates may be relatively high in football players during training even 
146 
Chapter 6 Fluid balance in soccer players during training 
when environmental temperatures are low. This probably partly explains the fact that 
sweat rate was not lower at club A than at clubs Band C despite the lower environmental 
temperature. 
It is also possible that differences in training intensity contributed to the sweat rates 
during training. This discussion of sweat rates assumes that all players were training at 
the same intensity. We did not collect data on the intensity that the players worked at 
during training; therefore it is possible that players did not work as intensely in the warm 
conditions resulting in a reduced sweat rate. During exercise in the heat perception of 
effort has been reported to be increased (Nybo and Nielsen 2001). In addition, power 
output during a self paced 30-minute cycling time trial has been shown to be reduced 
during exercise at 32°C compared to 23°C in highly trained men (Tatterson et al. 2000). 
Sweat rate was significantly greater at club D than at clubs A or C, but was not different 
from club B. The players at clubs Band D were engaged in pre-season training at the 
time of testing, while measurements were made at clubs A and C during the competitive 
season. Pre-season training is traditionally more intensive than training during the 
competitive season, due to the need to regain fitness lost in the off-season in preparation 
for competitive matches. As stated above we did not collect data on training intensity, 
and it is possible that although training structure and duration were similar, training 
intensity was higher at club D than at clubs A and C resulting in an increased sweat rate. 
The main difference between the players who trained in cool conditions and those who 
trained in warm conditions was that fluid intake was significantly lower when training in 
cool conditions. Fluid intakes at clubs A, B, C and D were 0.42 ± 0.22, 0.97 ± 0.25, 0.95 
± 0.44 and 1.39 ± 0.44 llh respectively. Mean fluid intake in warm conditions was 1.049 
± 0.443 I ranging from 0.243 to 2.278 I, while in cool conditions it was 0.423 ± 0.215 I 
ranging from 0.044 to 0.951 I. 
Table 6.3.4 shows that the percentage of fluid lost as sweat replaced by fluid intake 
during training was significantly lower at club A than at the other three clubs. The 
combination of the relatively high sweat rate and significantly lower fluid intake in the 
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cool as compared to the three training sessions in warm conditions resulted in a tendency 
for greater mass loss and a significantly greater percentage decrease in body mass than in 
the warm conditions. Mass loss in warm conditions was 1.00 ± 0.54 kg while in cool 
conditions mass loss was 1.27 ± 0.47 kg, which corresponded to 1.25 ± 0.66% and 1.62 ± 
0.55% of body mass respectively. Disproportionately reduced fluid intake in team sports 
players in cool temperatures in comparison to warm temperatures has been reported 
previously (Broad et al. 1996). 
This suggests that despite relatively large sweat rates players felt less stimulus to drink in 
cool conditions, despite similar sweat rate and therefore presumably an increased core 
temperature. The thirst mechanism is not very effective at stimulating complete 
replacement of fluid losses in hot conditions (Greenleaf 1965, 1992; Pitts 1944), and this 
is also true for exercise in the cold (Murray 1995). The normal thirst response is initiated 
when plasma osmolality or sodium concentration rises, and when blood volume falls, as 
occurs during prolonged sweating (Greenleaf 1992; Hubbard 1990). However given the 
similar sweat rates between clubs A, Band C it seems likely that changes in the blood 
parameters that usually initiate thirst would have been similar in the warm and cool 
environments. Understandably, voluntary fluid intake in cool environmental temperatures 
has not been extensively studied (Murray 1995). Cheuvront and Haymes (2001) studied 
ad libitum fluid intakes in female marathon runners under three environmental 
temperatures (25°C, 17°C and 12°C). Fluid intake during the 12°C was significantly less 
than in the 25°C trial, but fluid intake replaced 63% and 73% of fluid intake in those trials 
respectively. In the present study fluid replacement was lower in both cold and warm 
conditions and was over twice as great in warm conditions as compared to cool 
conditions (cool: 26 ± 13%; warm: 53 ± 22%). The authors reported that there were no 
differences in serum osmolality between trials and therefore attributed the increased fluid 
intake in the 25°C trial to conscious behaviour modification. As previously described the 
interpretation of these results in this study is complicated by the relatively large sweat 
rates in the cool conditions. Voluntary fluid intake is strongly influenced by social and 
psychological factors (Passe 200 I), and this may partly explain the fluid intake results in 
the present study. In light of the relatively large sweat losses in cool conditions it is 
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possible that players felt more drive to drink either consciously or unconsciously when 
training in warm conditions (e.g. dry mouth), independently of physiological initiators of 
thirst, and therefore increased their fluid intake. 
Fluid consumption was significantly more effectively matched to fluid losses at club D 
than at the other clubs studied (Table 6.3.4), and therefore the mean percentage decrease 
in body mass was not significantly different from the other clubs despite the sweat rate 
being significantly higher than at clubs A and C. It is unclear as to why players at this 
club drank more fluids than at the other clubs that were studied in similar environmental 
conditions. We did not make any measurements of the time allowed for drinking at each 
club, though players were encouraged to drink at all clubs. It is possible that players were 
allowed more time to drink at club D than at other clubs. No assessment of the extent to 
which players at each club were educated on effective hydration strategies was made. It is 
therefore conceivable that players at club A were more aware of the importance of fluid 
replacement during training, and consequently better matched fluid intake to fluid losses. 
An alternative explanation for the larger fluid intake at club D combined with the 
increased fluid losses, and the results from club A where sweat losses were significantly 
lower than at club D and fluid intake was also less, is that the thirst mechanism closely 
matched fluid intake to fluid losses. However the evidence in the literature suggests that 
during exercise, the thirst mechanism is relatively poor at stimulating replacement of 
fluid losses (Greenleaf 1992; Pitts 1944). In addition there was a poor correlation in the 
present study between individual sweat losses and fluid intakes, suggesting that these two 
variables were not closely matched. Without the use of invasive procedures that were not 
employed in the present study it is not possible to further elucidate the mechanism 
responsible for the differences in sweat rates and fluid intakes between clubs A and D. 
Interindividual differences 
The previous section discussed the variations in fluid balance data between clubs, but 
substantial variation was evident between individual players at each club. Players at each 
club performed the same training (except for goalkeepers), in the same environmental 
conditions and were given the same opportunities to drink during training, and it is 
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unlikely that these factors made a substantial contribution to the interindividual 
differences within clubs. The range for each club for sweat loss, fluid consumption, mass 
loss and percentage dehydration is presented in table 6.4.1. 
Table 6.4.1. The range of values at each club for sweat volume (I), fluid consumption (I), 
body mass loss (kg) and percentage change in body mass during training (% change.). 
Sweat volume fluid consumption Mass change % change 
Club A 1.06 - 2.65 0.04 -0.95 -0.62 - -2.26 -0.87 - -2.75 
Club B 1.35- 2.63 0.27 - 1.66 -0.38 - -1.98 -0.45 - -2.58 
Club C 0.84 - 3.10 0.24 - 2.06 0.2 - -2.38 0.24 - -2.60 
Club 0 1.52 - 2.90 0.72 - 2.28 0.18 - -1.86 0.24 - -2.30 
Table 6.4.1 shows that both sweat volume and fluid consumption exhibit substantial 
variation at each club. This is reflected in the variation in the change in body mass during 
training. Figures 6.3.2 and 6.3.3 shows that the mass loss was significantly related to both 
sweat loss and fluid intake 
There have been few studies on the effect of dehydration on football performance. A 
study by McGregor et al. (1999) simulated football play using a 90 minute intermittent 
shuttle running protocol and skills test when fluid was consumed, and when no fluid was 
consumed. Skill performance was maintained when fluid ingestion restricted percentage 
body mass loss to 1.4%, but deteriorated when lost fluid was not replaced and percentage 
body mass loss was 2.4%. Mean heart rate and rating of perceived exertion in the later 
stages of exercise were also higher when no fluid was consumed. 
In general dehydration has been shown to be detrimental to exercise performance even at 
relatively low levels (Armstrong et al. 1985; Burge et al. 1993), while fluid ingestion has 
been shown to improve endurance exercise capacity (Fallowfield et al. 1996). In a recent 
review Coyle (2004) suggested that the effect of dehydration on exercise performance 
may depend to some extent on the environmental conditions. It was suggested that 
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dehydration of as little as 2% may affect performance in warm conditions, while it may 
be possible to withstand greater levels of dehydration when environmental conditions are 
more favourable to dissipation of metabolically generated heat. Coyle suggested that 
temperatures of >30°C will result in performance being impaired at as little as 2% 
dehydration, from the evidence of Below et al. (1995) and Walsh et al. (1994), and that 
greater levels of dehydration can be tolerated at temperatures of <21 - 22°C. In the 
present study clubs B, C, and D were studied when training in temperatures between 
these two ranges. Club A was studied when training in temperatures at which it is 
suggested that greater dehydration can be accrued without a significant effect on exercise 
performance. The situation at club A was complicated by the clothing worn by the 
players for training: most players wore several layers of clothing and waterproof jackets 
throughout the training session. In light of the evidence above it would be sensible for 
players at clubs B, C, and D to drink sufficient fluid to limit the level of hypo hydration at 
the end of the training session to <1.5% in order to ensure that training performance is 
not impaired. According to Coyle (2004) the players at club A should be able to tolerate a 
greater level of hypohydration without a decrease in exercise performance due to the 
lower environmental temperature. The decreased exercise performance due to 
dehydration in hot conditions is possibly due to a conflict between the need to provide 
blood for the central circulation, the working muscles and for thennoregulation. 
Therefore as less physiological strain is normally induced by the need to thermoregulate 
in the cool (Galloway and Maughan 1997), greater degrees of hypohydration can be 
tolerated in cool conditions. However in the present study sweat rates were not different 
at club A than at club Band C, probably due to the increase in clothing worn during 
training, suggesting that the need to thermoregulate was not significantly different in the 
cool compared to in the warm conditions at clubs Band C. In this case it may be that the 
'threshold' level of hypohydration that may result in impaired exercise performance will 
be close to that of clubs Band C despite the lower environmental conditions, and hence 
players at this club should limit hypohydration levels to approximately the same levels as 
those players at the other three clubs. 
In order to minimise the risk that performance will begin to be affected by 
hypohydration, it would be prudent to limit body mass losses to below that at which 
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hypohydration has been shown to affect performance. Therefore, as performance has 
been shown to be impaired at body mass losses of 1.8% in temperatures only slightly 
higher than at clubs B, C and D. Players should therefore aim to limit hypohydration to a 
level below 1.8% of body mass, in order to prevent the risk of impaired performance. 
In order to provide some leeway an arbitrary level of body mass loss of 1.5% can be set, 
and players can be divided into those above and below this level. Players with 
hypohydration of less than 1.5% of body mass are considered unlikely to experience a 
decrease in exercise performance while those whose body losses increase beyond 1.5% 
are considered to be a t risk of a decrement in exercise performance. 
Overall 54 players finished training hypohydrated by <1.5% of body mass, while 31 
players were hypohydrated by > 1.5% of body mass and therefore may be at risk of 
impaired exercise performance, and in addition thirteen players finished training in with 
hypohydration in excess of 2% of body mass. The level of hypohydration accrued by 
these players must be of concern to coaches as training performance may be impaired at 
these levels. 
When assessing the effect of hypohydration on exerCise performance it must be 
remembered that it is extent of water loss from the fluid compartments of the body that is 
important. The use of the change in whole body mass to quantify changes in hydration 
status may underestimate the loss of fluid from the body compartments, especially in 
situations such as in the present study where drinking is permitted right up until post 
exercise body mass measurement. Fluid that is in the gastrointestinal tract or the bladder 
at the post exercise body mass measurement is effectively outside the body and is not 
therefore contributing to ameliorating the effects of hypohydration on performance. 
Therefore it must be recognised that it is possible that in some players actual levels of 
dehydration would be higher than measured if a significant volume of fluid was still 
contained in the gastrointestinal tract or the bladder. 
152 
Chapter 6 Fluid balance in soccer players during training 
Sweat composition 
The median values for sweat electrolyte concentration In the present study are very 
similar to those reported by Shirreffs and Maughan (1997) using a whole body wash 
down technique. It has been reported that estimation of whole body sweat electrolyte loss 
by regional collection techniques from a range of sites including those used in the present 
study tend to result in higher electrolyte concentrations than the whole body wash down 
technique (Patterson et a!. 2000; Shirreffs and Maughan 1997). It could be speculated that 
if the subjects in the present study and those of the Shirreffs and Maughan study had been 
tested using the same technique, sweat electrolyte concentration may have been lower in 
the present study. If this is the case it may be explained by the fact that the subjects in the 
present study were highly trained athletes. Heat acclimation is known to cause a decrease 
in sweat sodium concentration (Nielsen et a!. 1997; Kirbyand Convertino 1986). These 
players were used to intense training, and at three of the clubs the measurements were 
undertaken in the late summer months. At club A measurements were made in October in 
cool conditions, but physical training has been shown to produce some of the effects of 
heat acclimation (Armstrong and Maresh 1991). 
Electrolyte losses during training were highly variable (table 6.3.6) due to the combined 
variations in volume of sweat loss and sweat electrolyte concentration. The reference 
nutrient intake, which is the amount that is sufficient for about 97% of individuals, for 
sodium is 70 mmol/day. Daily sodium intake in the UK ranges from 90 - 440 mmol 
(Department of Health, 1991). Sodium loss in the players studied ranged from 27 - 215 
mmo!. Therefore it is possible that if players' sodium intakes were similar to the normal 
UK popUlation there would be the potential for players with a high sweat sodium loss and 
a low dietary intake to fall below the level of sodium required for sodium balance in 
normal adults. This is especially true when it is considered that during pre-season training 
clubs often train twice a day. If this is the case than cumulative electrolyte losses may 
result in deficiency if electrolytes are not replaced in the diet. This provides further 
evidence that players should be made aware of their individual fluid and electrolyte 
balance during training so that behavioural dietary habits can be modified if required. 
153 
Chapter 6 Fluid balance in soccer players during training 
Large electrolyte losses have been implicated in the onset of muscle cramp late in 
exercise, though a study conducted in the 1980s studied 82 marathon runners during a 
competitive race and found no relationship. Blood samples were collected before and 
after a competitive marathon and serum biochemical and haematological measurements 
were made. It was found that those runners who suffered cramp did not differ in fluid and 
electrolyte balance from those who did not suffer cramp (Maughan 1986). However, 
more recently two studies have suggested a role for large sweat electrolyte losses and 
cramp. A national tennis player was suffering from cramp during match play was found 
to have a high sweat rate and was possibly in negative sodium balance. Increased dietary 
intake of sodium seemed to alleviate the cramping problem (Bergeron 1996). A study of 
American football players with a history of cramping found that they exhibited higher 
sweat rates, levels of dehydration and sodium losses than players who did not have a 
history of cramping (Stofan 2003). 
Pre-training hydration status 
Hydration status of the players was assessed by measuring the osmolality of the urine 
produced before training at clubs A and B. Urine osmolality has been shown to be an 
effective marker of hydration status in athletes, but is most effective when a baseline 
measurement can be made when euhydrated for comparison (Shirreffs and Maughan 
1998). The same study showed that when individuals were hypohydrated due to exercise 
in the heat the previous evening urine osmolality in the morning was 924 ± 99 mOsmlkg 
compared to 675 mOsmlkg when euhydrated. In the present study the median (range) 
urine osmolality at clubs A and B was 857 mOsmlkg (481 - 1228) and 781 mOsmlkg 
(103 - 1254), and was significantly higher at club A than at club B (P < 0.03). No attempt 
was made to prevent the players from drinking before arrival at training and it seems that 
some of the lower values were probably due to recent fluid ingestion. Using the results of 
Shirreffs and Maughan (1998) as a guide, a urine osmolality threshold for hypohydration 
of 900 mOsmlkg can be set to give an indication of the hydration status of the players 
before training. Six players at club A produced urine above this threshold value (927 -
1228 mOsmlkg) while three players at club B produced urine exceeding 900 mOsmlkg 
(924 - 1254 mOsm!kg). This raises the possibility that some players started the training 
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session in a hypohydrated state, and may therefore suffer impaired performance. These 
results may also suggest that players are not rehydrating sufficiently following previous 
training sessions, and there is the potential that cumulative hypohydration may develop 
over a number of training sessions. The present study only determined the fluid losses in 
comparison to the pre-training state, and cannot determine cumulative fluid balance over 
a number of training sessions. However, the urine osmolality results suggest that some 
players must take care to ensure rehydration is achieved prior to the next bout of training 
or competition. 
There was no correlation between urine osmolality and either sweat loss or fluid intake 
during training, suggesting that there was no relationship between pre-training hydration 
status as assessed by urine osmolality and either sweat loss or fluid intake. 
Summary 
In summary, this study confirmed earlier findings that most players do not consume 
enough fluids to completely offset sweat losses. There was a large variation in the level 
of dehydration accrued during training, due to large sweat losses, or low fluid intakes or a 
combination of the two. Sweat losses were similar at clubs A, Band C despite the cool 
temperatures at club A, probably due to the extra clothing worn during training in cold 
conditions or a decreased intensity of training in warm conditions. Fluid intake was lower 
at club A despite the similar sweat losses to clubs Band C. It could be argued that players 
at club A could withstand a greater level of hypohydration before exercise performance is 
impaired, but the similar sweat rates suggest that this may not be the case in the present 
study. 
Thirty-one of the players were hypohydrated by > 1.5% of body mass at the end of 
training. Dehydration of this magnitude has the potential to negatively affect training 
performance. This highlights the need for fluid consumption schedules to be 
individualised. Every player should be encouraged to drink, but those with low fluid 
intakes or high sweat rates need to pay special attention to ensuring that every 
opportunity for fluid intake is used. 
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Regional and mean sweat electrolyte concentrations were found to be highly variable· 
between players. Players with high sweat rates and high sweat electrolyte concentrations 
may need to pay special attention to ensuring that lost electrolytes are replaced. This is 
especially important for repeated training sessions to ensure that rehydration is complete 
before the start of the next session. 
The large variation in sweat rate, sweat composition and fluid intake between players 
within each club demonstrates the importance of targeting specific fluid replacement 
guidelines to each player. Each player should be made aware of his individual 
requirements for fluid and electrolyte intake to ensure that all players are able to 
effectively maintain fluid and electrolyte balance. 
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Chapter 7 
The effect of rehydrating with drinks differing in 
sodium concentration on recovery from moderate 
exercise induced hypohydration in man 
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7.1 Introduction 
It is known that humans tend not to replace enough fluid either during, or immediately 
following exercise to offset sweat losses, resulting in hypohydration (pitts 1944; 
Greenleaf 1965; Greenleaf 1992). The previous chapter confirmed this to be the case 
in the majority of professional football players during training. Athletes often train or 
compete on subsequent days or even more than once per day. Hypohydration is 
known to impair exercise performance, especially when environmental temperature is 
warm (> 30°C) (Armstrong et al. 1985; Burge et al. 1993; Coyle 2004). Therefore 
athletes should consume sufficient fluid to restore euhydration before the next 
exercise bout. When the time period between exercise bouts is short, it is important 
that effective means of replacing the lost fluid are employed. Early studies showed 
that the consumption of plain water alone is not the most effective method of 
rehydrating following exercise-induced dehydration (Costill and Sparks 1973), and 
since then work has been carried out to identify the most effective method of 
rehydration following exercise. 
A number of studies have investigated oral methods of rehydrating following 
exercise-induced dehydration in humans, including those of (Nielsen et al. 1986; 
Gonzalez-Alonso et al. 1992; Burge et al. 1993; Maughan 1993; Maughan et al. 1994; 
Mitchell et al. 1994; Takamata et al. 1994; Maughan et al. 1996; Shirreffs et al. 1996; 
Shirreffs and Maughan 1997; Shirreffs and Maughan 1998; Mitchell et al. 2000; 
Wong et al. 2000). The consensus opinion is that it is necessary to consume an 
amount of fluid greater than the volume lost as sweat to ensure restoration of fluid 
balance, due to the urine production that is caused by ingesting large volumes of fluid 
even when hypohydrated (Shirreffs et al. 2004). Simply replacing the volume of fluid 
lost with an equal volume through drinking results in a negative fluid balance 
(Gonzalez-Alonso et al. 1992; Lambert et al. 1992; Maughan and Leiper 1994; 
Mitchell et al. 1994; Shirreffs et al. 1996). Shirreffs et al (1996) showed that a volume 
of fluid equal to 150 or 200% of the fluid ingested was sufficient to restore fluid 
balance where 50 or 100% rehydration was insufficient. The same study also showed 
the importance of replacing the sodium lost as sweat when rehydrating. The authors 
suggested that the sodium lost in sweat must be replaced in order for complete 
restoration of fluid balance, in order to prevent large volumes of the fluid ingested 
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being lost as urine. The importance of replacing sodium when rehydrating has been 
supported by the studies of Shirreffs et al. (1998), Mitchell et al. (1994) and Takamata 
et al. (1994). Indeed Mitchell et al found that ingestion of 150 % of fluid lost resulted 
in only 68 % restoration of fluid lost, during a 3 hour rehydration period, when the 
sodium concentration of the drink consumed was 14 mmolll. The general consensus 
from these papers suggests that for optimal rehydration both the volume and sodium 
concentration of the drink should be high. 
In a practical setting it is important to ensure that the drink is palatable to ensure that 
large volumes can be consumed willingly. Several variables can affect the liking for a 
particular drink, such as drink flavour, temperature, mouth feel, and level of 
carbonation (Passe 2001). It has been shown that individuals will tend to drink more 
of drinks that they find more palatable when rehydrating after exercise (Maughan 
1993; Passe et al. 2000). Unpublished results quoted by Passe (2001) investigated the 
relationship between drink sodium content and palatability following exercise. It was 
found that as sodium concentration of the drink was increased from 40 to 60 mmolll, 
the perceived saltiness of the drink increased significantly, while the overall liking for 
the drink decreased significantly. In addition Wemple et al. (1997) showed that during 
ad libitum rehydration following exercise-induced dehydration, subjects drank 
significantly more of a 25 mmolll sodium drink, than a 0 mmolll or a 50 mmolll 
sodium drink. These results suggest that in a practical setting where palatability is of 
importance drinks of sodium concentration lower than around 50mmolll may be more 
effective rehydration aids by encouraging more fluid to be consumed. It was with this 
in mind that the upper sodium concentration was set for this investigation. 
The sodium content of the four drinks used for rehydration was I, 31,40 and 50 
mmolll sodium chloride. We hypothesised that increasing the sodium concentration of 
/ 
the rehydration beverage would result in more effective restoration of fluid balance. 
The major rationale for ensuring adequate rehydration is to ensure that subsequent 
exercise performance is not impaired. In order to determine whether any advantages 
in fluid restoration conferred by increasing the sodium concentration of the 
rehydration drink results in an increased capacity to perform aerobic exercise subjects 
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were asked to undertake an exercise performance test by cycling to exhaustion four 
hours following the end of the rehydration period. 
7.2 Methods 
Eight healthy men (aged 25 ± 5 years, body mass 75.53 ± 9.23kg, height 176 ± 5cm, 
V02 peak 52.4 ± 7.3ml/kg body mass) with no history of cardiovascular or renal 
disease were recruited by word of mouth to participate in this study. Local ethics 
committee approval was obtained and subjects provided written consent after testing 
procedures had been fully explained. Initially subjects attended the laboratory and 
were asked to perform a peak oxygen uptake test on a cycle ergometer. Peak oxygen 
uptake was 3.93 ± 0.54 IImin and was used to determine the exercise intensities used 
for subsequent testing procedures. 
Experimental design 
Subjects performed four experimental trials each of which were separated by at least 
one week. Subjects arrived at the laboratory between 0800am and 0900am having 
fasted overnight except for the 500ml of water consumed two hours prior to ensure 
adequate hydration following the overnight fast. On arrival at the laboratory subjects 
were seated for 15 minutes to allow postural effects on blood parameters to take 
effect. After fifteen minutes a 5ml blood sample was obtained from a superficial 
forearm vein. During the fifteen minutes of seated rest subjects were asked to quantify 
their subjective feelings of various parameters, such as thirst and hunger, by placing a 
mark at the appropriate place on a 10 cm visual analogue scale. Following the 
collection of the blood sample subjects were asked to provide a urine sample by 
emptying the bladder completely into an appropriate container. 
Subjects then showered, towelled dry and changed into lightweight shorts. SUbjects 
entered an environmental chamber at a temperature of 34 - 36°C and 60 - 80% 
humidity. Subjects were weighed in the nude to the nearest 109 on a beam balance 
(Marsdens, London, UK). Subjects then cycled for a ten minute period in the 
environmental chamber, wearing only the lightweight shorts, at an intensity equal to 
55 % of the measured peak oxygen uptake. After ten minutes subjects ceased cycling 
and towelled dry. Subjects were weighed in the nude and the decrease in body mass 
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(g) was assumed to be equal to the loss of body water (ml). Subjects repeated the 
intermittent 10 minute exercise bouts and were weighed between bouts until 
approximately 1.9% of initial body mass had been lost. After the final exercise bout 
subjects showered and towelled dry. During the period immediately after leaving the 
environmental chamber subjects continued sweating and were therefore weighed after 
showering. At this point subjects were hypohydrated by 1.98 ± 0.1 % of initial body 
mass. 
Fifteen minutes after the end of the final exercise bout subjects were seated for fifteen 
minutes during which time they filled out a subjective feeling questionnaire as 
described previously. A blood sample was collected after IS minutes of seated rest 
and subjects were then asked to provide a urine sample. During the next hour subjects 
were provided with equal portions of one of the test drinks every IS minutes so that 
after one hour subjects had consumed a volume of the drink equivalent to ISO % of 
the fluid lost as sweat. The drinks provided were identical apart from the sodium 
chloride concentration (2% CHO, 10% low sodium flavouring, distilled water). 
Sodium chloride was added to provide concentrations of I ± I, 31 ± I, 40 ± I or 50 ± 
I mmolll as shown in table 7.2.1. 
Table 7.2.1. Test Drink Composition. 
Test Drink I (Trial I) 31 (Trial 31) 40 (Trial 40) 50 (Trial 50) 
Na+, mmolll I ± I 31 ± I 40± I 50± I 
K+, mmolll 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 
cr, mmolll O±O 30 ± I 40± I 50 ± I 
Osmolality, mOsm/kg 27±3 83 ± I 102±2 120 ± I 
Values are mean ± SD 
Subjects were not informed of the sodium concentration of the drink provided and the 
drinks were provided in a randomised order. Further blood and urine samples were 
collected and subjects completed subjective feeling questionnaires 1,2,3 and 4 hours 
after the end of the rehydration period. 
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After the final blood and urine samples had been obtained subjects were weighed in 
the nude, changed into shorts T-shirt and trainers and a heart rate monitor was 
positioned. SUbjects then performed an exercise performance test on a cycle 
ergometer. Subjects cycled for five minutes at an intensity equal to 70% V02 peak after 
which the workload was immediately increased to 95% of V02 peak and subjects cycled 
until voluntary exhaustion. During the test heart rate was recorded, RPE was 
determined after 4:30 minutes and at exhaustion and verbal encouragement was given 
throughout the test. Following the performance test subjects showered, towelled dry 
and were weighed in the nude. 
The protocol was repeated on three further occasions except that the drink provided 
differed in sodium concentration. 
Statistical Analysis 
Data were first subjected to a Ryan-Joiner normality test to determine the normality. 
A 2 factor repeated measures ANOV A was used to determine if data differed 
significantly. If data were normally distributed a one way ANOV A combined with a 
Tukey post-hoc test was used to determine the positions of significant differences. If 
data were found not to be normally distributed a Kruskal-Wallis test combined with 
Mann-Whitney tests were used. If data were found to be normally distributed figures 
are presented as mean ± standard deviation; data not normally distributed are 
presented as median (range). Differences between and within trials were accepted as 
significant when P < 0.05. P-values have been quoted as P< or P > the nearest whole 
number to the actual P-value. When the P-value was greater than 0.1 it has been 
rounded to the nearest 0.1. When the P-value was less than 0.1 the P-value has been 
rounded to the nearest 0.01. 
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7.3 Results 
As shown in table 7.3.1, pre-exercise body mass was not different between trials: 
75.64 ± 9.90, 75.60 ± 9.92, 75.60 ± 9.94,75.41 ± 9.62 kg for the 1, 31,40 and 50 
mmoVI trials respectively (P > 0.9). Body mass decreased by a similar amount during 
the dehydration process in each trial. Body mass decreased by 1.48 ± 0.20, 1.46 ± 
0.21,1.54 ± 0.23 and 1.53 ± 0.22 kg during the 1,31,40 and 50 trials (P > 0.8). This 
corresponded to a loss of 1.50 ± 0.21kg or 1.98 ± 0.10% of initial body mass over all 
trials. Subjects were provided with a volume of the test drink equal to 150% of the 
body mass loss resulting in a mean test drink volume of 2253 ± 311 ml over all trials. 
As drink volume was determined by the similar mass loss in each trial during the 
dehydration process there was .no difference in the volume of drink consumed 
between trials (P > 0.8). 
Table 7.3.1. Summary of fluid balance prior to rehydration. 
Trial 1 31 40 50 
Initial Body Mass (kg) 75.64 ± 9.90 75.60± 9.92 75.60 ± 9.94 75.41 ± 9.62 
Mass Loss (kg) 1.48 ± 0.20 1.46 ± 0.21 1.54 ± 0.23 1.53 ± 0.22 
Mass Loss (%) 1.95 ± 0.09 1.93 ± 0.09 2.04± 0.07 2.02 ± 0.11 
Drink Volume (ml) 2214 ± 298 2192 ± 320 2314±339 2293 ± 333 
Values are mean ± SD 
Fluid balance 
There was no difference between trials in the osmolality of the urine produced when 
subjects first arrived at the laboratory (P > 0.8; Figure 7.3.5) suggesting that subjects 
were in a similar state of hydration at the start of each trial. Urine osmolality was 454 
± 427, 480 ± 359, 367 ± 374 and 393 ± 389 mOsm/kg in the 1,31,40 and 50 trials 
respectively. The median volume of urine produced at each collection point during 
each trial is shown in Figure 7.3.1. As expected, there was no difference in the 
volume of urine produced at any time point prior to ingestion of the drink (P > 0.4). 
Urine volume was greatly increased following consumption of all drinks 1 hour after 
the end of the drinking period (P < 0.01), the largest urine volume being produced at 
this time point on all trials. Two hours after the end of the drinking period urine 
volume was significantly lower than at the previous time point in all trials except the 
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1 mm01l1 trial (P < 0.05). At this timepoint the urine volume produced on the 1 
mm01l1 trial was not significantly lower than at 1 hour post drinking time point (P > 
0.15). This resulted in there being a significant difference between trials at this time 
point: greater urine volume was produced on the Imm01l1 trial than on the 40 and 50 
mm01l1 trials (P < 0.02). The volume of urine produced 3 hours following the end of 
the drinking period decreased in all trials in comparison to the volume produced 2 
hours after drinking (P < 0.04). There was no difference in the volume of urine 
produced 4 hours after the end of drinking in comparison to three hours after drinking 
(P > 0.15), and there was no difference between trials at 3 hours (P > 0.35) or 4 hours 
(P> 0.95) after the end of the drinking period. 
The cumulative volume of urine produced throughout each trial is shown in figure 
7.3.2. Cumulative urine output tended to decrease as the sodium concentration of the 
test drink increased. Three and four hours after the end of the rehydration period 
cumulatively more urine had been produced on the 0 trial than on the 40 and 50 trials 
(P < 0.01). 
164 
Chapter 7 Rehydration with drinks differing in sodium content 
Figure 7.3.1. Median volume of urine produced at each timepoint. In order to 
maintain clarity significant changes over time have not been marked on the graph, but 
are described in the text. a denotes a significant difference from the 40 and 50 mmoVl 
trials (P < 0.02). (n = 7 for post-ex, post-drink and 4hours post ex.) 
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Figure 7.3.2. Cumulative urine output (I) after rehydration. Values are mean ± S.D. a 
denotes a significant difference from 40 and 50 trials (P < 0.01). 
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By comparing the amount of fluid ingested during the rehydration period and the 
amount of urine produced in the following hours the fraction of the test drink retained 
in the body at the end of the experimental period was calculated. Subjects retained 
more of the test drink as the sodium concentration of the drink increased: 39 ± 14, 50 
± 13, 60 ± 14 and 64 ± 11 % of the test drink ingested was retained on the 1,31,40 
and 50 trials respectively (Figure 7.3.3.). Significantly more fluid was retained on the 
40 and 50 trials than on the 0 trial (P < 0.01). 
Figure 7.3.3. The percentage of ingested fluid retained four hours following the end 
of rehydration (Mean ± SD). a denotes a significant difference from 40 and 50 trials 
(P < 0.01) 
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The differing urine volumes produced in the trials resulted in differences in the net 
fluid balance on each trial. Figure 7.3.4 shows the net fluid balance on each trial, 
calculated by subtracting fluid losses due to sweating and urinary output and adding 
fluid gains through drinking. SUbjects were in significant negative fluid balance 
following the dehydration protocol and were then in significant positive fluid balance 
immediately after finishing drinking (P < 0.01). From this point on less fluid tended to 
be lost as urine with increasing sodium concentration of the test drink and therefore 
subjects tended to be in a more negative fluid balance the lower the test drink sodium 
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concentration. Two hours after finishing drinking subjects were significantly closer to 
a net fluid balance equal to pre-exercise on the 50 trial than the 0 trial (P < 0.02), and 
three and four hours after drinking both the 40 and 50 mmol/I sodium drinks resulted 
in net fluid balance closer to the pre-exercise level than the 0 mmolll sodium drink (P 
< 0.01). Four hours after finishing drinking subjects were in negative mean net fluid 
balance on all trials but tended to be in greater net negative fluid balance as the 
sodium concentration of the test drink decreased: 650 ± 298, 394 ± 264, 223 ± 326 
and 101 ± 268 ml negative balance on the 1,31,40 and 50 trials respectively. 
Figure 7.3.4. Net fluid balance calculated from sweat losses, fluid ingested and urine 
output throughout the experiment. Values are mean ±SD. a denotes a significant 
difference between the I and 50 mmol/I trials (P < 0.02); b denotes a significant 
difference between the I mmol/I trial and both the 40 and 50 mmol/I trials (P < 0.01). 
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Urine Composition 
Urine osmolality tended to Increase after exerCise and the one hour rehydration 
period. Osmolality then fell dramatically due to the large volume of dilute urine 
produced one hour following rehydration (P < 0.01). There was no difference in urine 
osmolality on any of the trials at these time points. For the remainder of the trials 
urine osmolality tended to be lower as the sodium content of the test drink decreased. 
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Urine osmolality was lower on the 0 trial than on the 40 and 50 trials (P < 0.03) two 
hours after finishing drinking and also three hours after drinking (P < 0.05). By the 
final timepoint there was no difference in urine osmolality as shown in figure 7.3.5. 
Figure 7.3.5. Median unne osmolality at each timepoint. a denotes a significant 
difference from the 40 and 50 trials (P < 0.05). 
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Urine sodium concentration tended to follow a similar pattern to the urine osmolality 
(figure 7.3.6). One and two hours after finishing drinking urine sodium concentration 
was lower on the 0 trial than on the 40 and 50 trials (P < 0.03). In addition, two hours 
after finishing drinking, the urine sodium was lower on the 30 trial than on the 50 trial 
(P < 0.01). For the remainder of the time points urine sodium concentration was lower 
on the 0 trial than on the other three trials (P < 0.05). 
Following the end of the rehydration period urine sodium excretion tended to stay 
fairly similar despite larger fluctuations in urine volume. Urine sodium excretion 
tended to be lower on the 0 trial than on the other three trials but there were no 
significant differences between trials at any time point (P > 0.09) (Table 7.3.2). 
Cumulative sodium excretion following rehydration for each trial is presented in table 
7.3.3. Sodium excretion tended to be lower following consumption of the Immolll 
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drink than the other three drinks, but there was no significant difference between the 
trials in the amount of sodium that was excreted following drinking (P > 0.2). 
Urine chloride concentration followed a similar pattern to urine sodium concentration, 
being determined generally by the volume of urine produced (Figure 7.3.7). Urine 
chloride excretion was generally lower on the 1 mmolll trial than on the other trials. 
Chloride concentration was lower on the Immolll trial than on the 40 and 50 mmolll 
trials one and two hours following the end of rehydration (P < 0.03) and was lower on 
the 1 trial than on the other three trials for the remainder ofthe time points (P < 0.04). 
In addition the urine chloride concentration on the 31 trial was lower than the 50 trial 
one and four hours following the end of the drinking period (P < 0.05). As shown in 
table 7.3.2, chloride excretion was also closely related to sodium excretion and there 
was no significant difference between trials (P > 0.09). Cumulative urinary excretion 
of chloride was similar to the cumulative sodium excretion (Table 7.3.3), in that there 
was a tendency for chloride excretion to. be lower than on the 1 mmolll trial than on 
the other three trials, but this was not a significant difference (P > 0.15). 
Urine potassium concentration tended to follow a similar pattern to the sodium 
excretion (Figure 7.3.8). There was no difference between trials in the excretion of 
potassium in the urine (P > 0.15; Table 7.3.2.). Cumulative urine potassium excretion 
between finishing drinking, and 4 hours post drinking was similar between all trials (P 
> 0.7; table 7.3.3). 
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Figure 7.3.6. Median urine sodi urn concentration. a denotes a significant difference 
between the 1 the 40 and 50 trials (P < 0.03). b denotes a difference from the 50 trial 
(P < 0.01). c denotes a difference from the 30, 40 and 50 trials. 
-::: 
'0 
E 
.§. 
" o ~ 
" ~ 
" o 
u 
E 
:l 
'6 
o 
(fl 
., 
" .;: 
:::l 
140 
120 
100 
80 
60 
--0- 1 mmol/l 
40 ---.- 31 mmol/l ( 
__ 40mmol/l 
20 
-er- 50 mmol/l 
Q 
O+-----~------r-----~----~------~----~ 
Pre· Post- Post- 2 3 4 
exercise exercise drinking 
Time Point (h) 
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Figure 7.3.8. Median urine potassium concentration. 
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Table 7.3.2. Urine electrolyte excretion calculated from urine volume and urine 
electrolyte concentration. Values are median (range). 
Sodium Excretion (mmol) 
Time point (hrs) 0 30 40 50 
Pre exercise 11.2 (5.3-35.7) 12.4 (3.0-26.3) 17.1 (3.8-32.6) 14.3 (6.4-73.2) 
Post exercise 3.6 (2.6-7.0) 4.6 (1.3-10.4) 3.9 (0.3-10.9) 4.3 (2.0-9.4) 
Post drinking 4.6 (2.1-9.2) 2.6 (1.1-9.2) 4.9 (1.6-7.5) 3.7 (2.9-9.8) 
5.7 (2.8-9.4) 8.3 (2.0-13.3) 8.4 (1.9-17.5) 7.4 (4.4-14.9) 
2 3.9 (1.8-10.5) 7.4 (1.2-10.5) 8.9 (2.4-13.0) 6.4 (3.4-11.2) 
3 3.9 (1.-6.6) 4.8 (1.9-8.8) 6.1 (1.8-11.0) 4.5 (3.6-10.1) 
4 3.5 (1.0-7.6) 4.9 (0.6-11.9) 6.0 (1.6-11.4) 6.0 (3.1-12.3) 
Chloride Excretion (mmol) 
Time point (hrs) 0 30 40 50 
Pre exercise 11.9 (6.2-34.0) 7.7 (2.6-22.9) 14.9 (3.1-25.9) 12.6 (4.6-47.7) 
Post exercise 4.3 (3.8-7.5) 4.6 (1.9-12.1) 4.9 (0.2-8.6) 4.6 (2.3-8.4) 
Post drinking 3.3 (2.8-7.1) 2.2 (0.9-6.2) 4.1 (1.6-5.8) 2.9 (2.4-4.8) 
1 5.5 (3.1-7.0) 5.9 (4.2-12.1) 7.3 (2.3-14.6) 6.7 (4.5-18.3) 
2 5.0 (3.1-7.0) 7.4 (3.5-14.8) 7.9 (2.7-15.6) 5.9 (2.6-26.1) 
3 4.3 (1.2-6.0) 4.4 (2.0-9.4) 5.6 (1.7-8.7) 5.1 (3.4-9.8) 
4 3.1 (1.1-7.5) 4.7 (0.7-11.6) 5.8 (1.5-11.7) 6.7 (2.7-12.8) 
Potassium Excretion (mmol) 
Time point (hrs) 0 30 40 50 
Pre exercise 9.1 (4.3-31.5) 6.2 (4.3-19.5) 5.6 (3.1-13.1) 10.5 (3.2-13.9) 
Post exercise 4.0 (3.8-7.9) 4.2 (1.8-7.5) 3.4 (0.4-6.8) 4.8 (2.8-7.7) 
Post exercise 3.4 (3.6-10.3) 3.2 (2.4-5.1) 3.0 (2.3-3.8) 4.6 (2.2-6.7) 
1 6.6 (3.1-9.4) 5.0 (3.2-7.4) 4.0 (2.4-10.2) 5.8 (3.1-8.6) 
2 5.6 (3.2-7.0) 4.8 (2.7-6.5) 4.3 (2.6-9.0) 4.7 (2.0-6.8) 
3 3.5 (1.9-6.4) 3.5 (2.6-8.0) 3.9 (2.2-7.2) 4.0 (2.5-9.8) 
4 3.3 (2.1-6.4) 3.6 (1.0-11.6) 3.4 (2.5-10.4) 3.6 (2.0-12.0) 
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Table 7.3.3. Cumulative urine electrolyte excretion following drinking calculated 
from urine volume and urine electrolyte concentration. Values are median (range). 
Cumulative sodium excretion (mmol) 
Time point (h) I 31 40 
Post-drinking 4.6 (0.0-9.2) 2.6 (0.0-7.5) 4.9 (0.0-7.5) 
I 10.2 (4.9-18.6) 12.3 (3.1-22.5) 13.1 (3.5-25.0) 
2 13.7 (6.7-29.1) 19.8 (4.3-30.4) 24.4 (5.9-37.5) 
3 18.5 (8.0-35.3) 26.0 (6.4-36.7) 28.2 (7.7-43.5) 
4 22.7 (9.3-38.7) 30.6 (11.1-43.2) 33.6 (9.3-49.6) 
Cumulative chloride excretion (mmol) 
Time point (h) 1 31 40 
Post-drinking 3.4 (0.-7.1) 2.3 (0.0-6.2) 3.9 (0.0-5.8) 
1 8.8 (5.8-12.9) 8.3 (5.7-18.2) 10.1 (3.8-19.0) 
2 13.1 (10.4-19.9) 17.3 (9.5-26.0) 18.2 (6.5-31.5) 
3 17.8 (14.3-24.3) 22.6 (11.8-29.9) 25.0 (8.2-37.6) 
4 21.1 (15.0-27.1) 27.5 (15.7-38.0) 30.7 (9.8-40.6) 
Cumulative potassium excretion (mmol) 
Time point (h) 1 31 40 
Post-drinking 3.4 (0.0-10.5) 3.2 (0.0-5.1) 3.0 (0.0 -3.8) 
1 8.7 (6.4 -13.0) 7.9 (6.4-12.6) 7.9 (5.6-12.6) 
2 
3 
4 
14.5 (9.6-26.6) 12.4 (9.1-19.0) 11.5 (9.6-17.0) 
19.2 (13.4-28.9) 16.1 (12.7-27.0) 14.7 (11.5-24.1) 
22.9 (14.0-31.4) 19.2 (16.7-38.7) 19.0 (11.5-34.5) 
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Net sodium balance 
Sweat sodium was not measured in the present study, and therefore it impossible to 
accurately determine net sodium balance. Using the whole body wash down data from 
Chapter 5, sweat sodium concentration was approximately 35 mmoVI in 
environmental conditions similar to those during the dehydration protocol of this 
Chapter. Therefore net sodium balance at the end of the test period was estimated by 
assuming that sweat sodium concentration was 35 mmoVI for all subjects, and 
subtracting sodium losses in sweat and urine, from the sodium ingested in the 
rehydration beverage. Net sodium balance four hours following the end of the 
rehydration period was -49 ± 7, 17 ± 2, 35 ± 5 and 62 ± 10 mmol, in the I, 31, 40 and 
50 mmoVI trials respectively. 
The relationship between net water balance and net sodium balance is shown in 
Figure 7.3.9. Net fluid balance and net sodium balance were shown to be significantly 
correlated (P < 0.01; correlation coefficient = 0.59). 
Figure 7.3.9. The relationship between net fluid balance and the net sodium balance 
calculated assuming a sweat sodium concentration of 35 mmolll for every subject. 
Values are mean ± SD. 
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Blood and serum measurements 
Following 15 minutes of seated rest on arrival at the laboratory haemoglobin 
concentrations were 154 ± 13, 157 ± 14, 151 ± 12 and 155 ± 12 , and haematocrit 
readings were 45 ± 2, 46 ± 3, 45 ± 3 and 45 ± 2 on the 1, 31, 40 and 50 nunol/I trials 
respectively. There was no difference in either initial haemoglobin concentration (P > 
0.8) or haematocrit (P > 0.7) between the trials. 
As shown in Figure 7.3.10, changes in blood parameters were calculated in relation to 
the post-exercise value. Blood volume decreased by 3.9 ± 5.0, 2.3 ± 2.3, 4.3 ± 1.7 and 
3.5 ± 3.9% in the 1, 31, 40 and 50 mmolll trials respectively following the 
dehydration protocol and this decrease was not different between trials (P > 0.6). 
Following the 1 hour drinking period blood volume significantly increased on all 
trials (P < 0.01) compared to following exercise. After drinking blood volume was 
significantly higher than at baseline in the 31, 40 and 50 mmol/I trials, but not on the 
1 mmol/I trial, where blood volume was not significantly different to baseline at the 
end of the drinking period. From 1 hour after finishing drinking onwards blood 
volumes were not significantly different from pre-exercise baseline. Blood volume 
tended to be higher 1, 2 and 3 hours following the end of drinking on the 50 mmol/I 
trial than on the other trials and was significantly higher 2 hours after drinking on the 
50 mmol/I trial than on the 1 and 31 mmol/I trials (P < 0.3). At the end of the 
rehydration period, immediately prior to the exercise capacity test, blood volume was 
not different from baseline on any trial, and was not different between trials (P > 0.5). 
Plasma volume changes followed a similar pattern to the blood volume changes 
(Figure 7.3.11.). Plasma volume tended to be higher after drinking on the 50 mmol/l 
trial than on the other trials, but there were no significant differences between trials (P 
> 0.08). After drinking plasma volume was higher in comparison to baseline on the 
31, 40 and 50 mmol/I trials but not on the 1 mmol/I trial. The 1 mmol/I trial was not 
different from baseline at this time point. During the rest of the testing period the 1, 
31 and 40 mmol/I trials were not significantly different from the baseline, but at 1 and 
2 hours after the end of drinking the plasma volume on the 50 mmol/I trial remained 
higher than the baseline value. At the end of the rehydration period, immediately prior 
to the exercise capacity test, plasma volume on all trials was not different to baseline 
and there was no difference between trials P > 0.7). 
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Red cell volume decreased by a similar amount in all trials (P > 0.8), as shown in 
Figure 7.3.12. After drinking, red cell volume increased on all trials but this increase 
was only significant on the 40 (P < 0.02) and 50 (P < 0.05) mmolll trials. Red cell 
volume was increased on the 50 mmolll trial two hours after finishing drinking, but 
there were no other differences between trials. 
Figure 7.3.10. Mean ± SD percentage blood volume changes calculated in relation to 
the volume following exercise. a denotes a difference from the 1 and 31 mmol11 trials 
(P < 0.03). b denotes a difference from the baseline time point, (the 31, 40 and 50 
mmolll trials are different from baseline). 
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Figure 7.3.11. Mean ± SD percentage plasma volume changes calculated in relation 
to the volume following exercise. a indicates a significant difference from the 
baseline value. 
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Figure 7.3.12. Median percentage red cell volume changes calculated in relation to 
the volume following exercise. a denotes a significant difference from the I, 31 and 
40 trials (P < 0.02). b denotes a significant change from baseline (P < 0.05). 
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Serum osmolality tended to increase following exercise on all trials but this was 
significant only on the 40 trial (P < 0.02). Following rehydration serum osmolality 
decreased (P < 0.05), by a mean value of 7 mOsmlkg over all trials. Serum osmolality 
tended to be lowest on the water trial at this time point but no differences were located 
between trials (P > 0.08; Figure 7.3.13.). Following drinking, serum osmolality tended 
to remain relatively stable in a similar manner to the plasma volume. 
Figure 7.3.13. Median serum osmolality at each time point. a indicates a significant 
difference from the pre exercise value (P< 0 02). b indicates a significant difference 
from the post exercise value. 
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Figure 7.3.14. Serum sodium concentration at each time point. Values are mean±SD. 
Serum sodium decreased from the post exercise time point to the post drinking time 
point on the 40 mmolll trial (P < 0.01). 
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As expected serum sodium concentration tended to increase following exercise and 
then to decrease following drinking (Figure 7.3.14). The only significant difference 
over time was the decrease in sodium concentration following exercise on the 40 trial 
(P < 0.01). There were no significant differences between trials in serum sodium 
concentration at any timepoint (P > 0.3). 
Figure 7.3.15 shows that serum chloride tended to be higher throughout the testing 
period, and concentration was found to differ over time and between trials but post-
hoc tests could not locate the position of these differences (P > 0.05). 
As shown in figure 7.3.16 serum potassium concentration was not different between 
trials (P > 0.1) or time (P > 0.06). 
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Figure 7.3.15. Mean ± SD serum chloride at each time point. 
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Figure 7.3.16. Mean ± SD serum potassium concentration at each time point. 
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Exercise performance test 
There was no effect of drink sodium content on time to exhaustion in the exercise 
performance test. Subjects exercised for 521 ± 86, 499 ± 86, 515 ± 84 and 532 ± 81 
seconds on the 1, 31, 40 and 50 mmol/l trials respectively. There was no significant 
difference between these values (P > 0.8) (Figure 7.3.17). The time cycled to 
exhaustion in the exercise capacity test was not affected by the order the trials were 
performed (P > 0.7). Time to exhaustion was 507 ± 77, 512 ± 88, 516 ± 60 and 533 ± 
106 seconds in the 1", 2nd 3'd and 4th trials performed respectively. 
Table 7.3.4 shows the mean heart rates and ratings of perceived exertion during the 
exercise test. The sodium chloride concentration of the rehydration drink had no 
. effect on the subject's perception of effort as there was no difference between trials in 
the rating of perceived exertion after 4:30 minutes of the test, nor at exhaustion. Heart 
rate was measured throughout the performance test and was not different between 
trials during the section of the test at 70 % of peak oxygen uptake (P > 0.75), after one 
minute of the higher intensity 95 % of peak oxygen uptake section, in the final minute 
before exhaustion, or at exhaustion. 
Figure 7.3.17. Exercise time to exhaustion during the exercise capacity test. Values 
are mean ± SD. There were no differences between trials (P > 0.8). 
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Table 7.3.4. Table showing heart rate at 2, 4 and 6 minutes, in the final minute of 
exercise and at exhaustion. Rating of perceived exertion at 4 and a half minutes and at 
exhaustion. 
Trial 0 30 40 50 
HR at 2 minutes 147±11 145±12 144±13 145±1O 
HR at 4 minutes 156±1l 156±1O 154±12 153±1O 
HR at 6 minutes 172±1O 16S±11 166±12 174±6 
HR in final minute IS4±S ISI±13 IS2±9 IS4±8 
HR at exhaustion 184±1l 183±l2 185±8 IS7±8 
RPE at 4.30 minutes 14±1 14±1 15±1 14±1 
RPE at exhaustion 19±1 19±1 19±1 19±1 
Subjective feelings 
Figures 7.3.18 - 7.3.22 show results from the questionnaires rating subjective feelings 
of the subjects throughout the trial period. Subjective rating of thirst increased on all 
trials following exercise (P < 0.01) and decreased dramatically following drinking (P 
< 0.01). Over the following hours thirst tended to increase at each time point but this 
was significant only in the first hour after finishing drinking (P < 0.02). As expected 
subjects felt significantly more bloated at the end of the drinking period (P < 0.02), 
suggesting that much of the fluid was still in the gut. Sensations of bloatedness 
significantly decreased in the following hour in all trials (P < 0.02), and had returned 
to near baseline levels 1 hour following drinking. Subjects tended to feel less 
refreshed on finishing exercise as compared to before exercise, and then felt 
significantly more refreshed on finishing drinking compared to following exercise (P 
< 0.03). There were no significant differences among this or any of the other ratings 
of SUbjective feelings between trials except that subjects were hungrier on arrival at 
the laboratory on the 0 and 30 trials than on the 40 and 50 trials (P< 0.04). 
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Figure 7.3.18. Median subjective rating of thirst. (0 = not at all thirsty; 100 = very 
thirsty). Significant differences are described in the text. 
100 
90 
80 
-I!! 70 :c 
-
" 
60 ., 
> ., 
50 'u 
~ 
., 
Q. 40 
... 
0 
Cl 30 
c:: 
., 
III 20 It: 
10 
0 
Pre-
exercise 
Post-
exercise 
Post-
drinking 
Time point (h) 
2 
-0-1 mmol/l 
-+-31 mmol/l 
__ 40 mmol/l 
-il-50 mmol/l 
3 4 
Figure 7.3.19. Median subjective rating ofbloatedness. (0 = not at all bloated; lOO = 
very bloated). a indicates significantly different from post-exercise and I hour post-
drinking values (P < 0.02). 
90 
-0-1 mm 0111 
80 
a -+- 31 mmolll 
" 
70 
oS
__ 40 mmol/l 
III 
0 60 :c 
-il- 50 mmol/l 
Cl 
c:: 50 
Qj 
oS! 40 ... 
0 
c:: 30 0 
., 
Q. 
., 20 
" ~ ., 
c.. 10 
0 
Pre- Post· Post- 2 3 4 
exercise exercise drinking 
Time Point (h) 
183 
Chapter 7 Rehydration with drinks differing in sodium content 
Figure 7.3.20. c. (0 = not at all refreshed; 100 = very refreshed). Significant 
differences are described in the text. 
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Figure 7.3.21. Mean ± SD subjective rating of hunger. (0 = not at all hungry; lOO = 
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Figure 7.3.22. Median rating of perceived tiredness. (0 = not at all tired; 100 = very 
tired). 
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Figure 7.3.23. Median perception of having a sore head (0 = not at all sore; 100 = 
very sore). 
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7.4 Discussion 
Fluid balance 
Rehydration with drinks differing in sodium content 
The fluid balance data in this study provide further evidence that replacement of 
sodium following exercise-induced dehydration aids the rehydration process. The 
cumulative volume of urine produced following rehydration was inversely related to 
the sodium concentration of the drink consumed. The fraction of fluid retained four 
hours following the end of the drinking period was 39, 50, 60 and 64% of the volume 
of drink ingested in the I, 31, 40 and 50 mmol/l trials respectively. Previous studies 
have shown that the greater the sodium concentration of the rehydration beverage the 
greater the restoration of fluid balance (Maughan and Leiper 1995; Shirreffs et al. 
1996; Shirreffs and Maughan 1998). The study of Shirreffs et al (1996) compared 
drinks which were deemed low (23 mmolll) or high (61 mmolll) sodium and 
established that better rehydration resulted from consuming the high sodium drink. 
The studies of Maughan and Leiper (1995) and Shirreffs and Maughan (1998) clearly 
demonstrated that the sodium concentration of a rehydration beverage influenced the 
net fluid balance 5.5 hours after the end of the rehydration period. The study of 
Shirreffs and Maughan (1998) employed a similar dehydration/rehydration protocol to 
the present study except that the drinks provided had sodium concentrations of 1, 25, 
50 and 102 mmolll. The results obtained in that study were similar to those of the 
present study; 37 and 59% of the drink ingested was retained in the 1 mmolll and the 
50 mmolll trials respectively compared to 39 and 64% on the 1 and 50 mmolll trials in 
the present study. 
While the results of the present study agree with much of the previous literature, not 
all studies report similar findings «Mitchell et al. 2000). Mitchell et al. reported that 
rehydrating with drinks containing 25 or 50 mmolll sodium had no effect on whole 
body fluid balance. Mitchell et al. employed a different rehydration protocol where 
drinks were provided over a two and a half hour period and the final urine sample was 
collected only thirty minutes following the final bolus. It is likely that this was not 
enough time for any differences in urine production caused by drink sodium content 
to become apparent. In the study by Mitchell et al. the largest urine sample collected 
was at the final timepoint. As shown by the urine volume data in the present study 
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differences in urine production become apparent only after the rate of urine formation 
has peaked i.e. two hours after finishing drinking. 
It has been suggested that the sodium concentration of a rehydration beverage should 
match the concentration of sweat losses in order to allow adequate fluid replacement. 
Figure 7.3.9 shows that net fluid balance was significantly correlated with the sodium 
balance assuming a sweat sodium concentration of 35 mmoVl (Chapter 5). This 
suggests that rehydrating with a beverage greater in sodium concentration than the 
sweat lost may allow more effective restoration of body water. The extent of fluid 
replacement tended to be increased after consuming the 40 and 50 mmol/l drinks as 
compared to the 30 mmoVl drink even though subjects were in net positive sodium 
balance after rehydrating with the 30 mmoVl drink. An alternative explanation is that 
the concentration of the sweat lost was higher in this study than in that reported in 
Chapter 5, meaning that subjects were still in net negative sodium balance when 
drinks greater than 30 mmoVl were consumed. 
As discussed in the introduction one of the most important considerations when 
formulating a sports drink is to ensure that the drink is palatable. It has been 
demonstrated that during rehydration individuals are more likely to consume larger 
amounts of a fluid that they find more palatable (Hubbard 1990; Maughan 1993; 
Wemple et al. 1997; Passe 2001). This is an important finding with regards to 
practical situations where the extent of rehydration will depend to a large extent on 
the volume of fluid consumed. It has been shown that a sodium concentration of 
50mmoVl may reduce ad libitum fluid intake following exercise in comparison to a 25 
mmoVl sodium drink (Wemple et al. 1997). In addition Passe (2001) quotes 
unpublished data that suggests that the perceived saltiness increases and overall liking 
for a drink decreases when sodium concentration was increased from 40 mmoVl to 60 
mmoVI. This suggests that the sodium concentrations used in the present study 
reached the range in which palatability might be affected by the saltiness of the drink. 
This presents a problem in a practical setting in that efficacy of the rehydration drink 
must balance the conflicting requirements for a high sodium concentration to aid 
retention of the ingested fluid, and moderate sodium concentration in order to 
encourage voluntary consumption. 
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The present study shows that whole body rehydration is related to the sodium content 
of the beverage consumed following exercise as shown by the net fluid balance at the 
end of the experimental period being closer to 0 (less negative) with increasing drink 
sodium concentration. The data demonstrate that for rehydration by this protocol urine 
output significantly decreases, and therefore net fluid balance increases, when drink 
sodium concentration is 40 mmol/l or higher. 
Exercise performance 
The performance test at the end of the rehydration period was employed to determine 
the effect of varying the sodium content of the drink on subsequent exercise 
performance. In the present study the more effective rehydration observed on the 
higher sodium drinks did not confer any advantage during the exercise performance 
test. Subjects were not able to extend the cycling time to exhaustion four hours after 
consuming the 40 or 50 mmolll drinks in comparison to the 1 mmolll drink despite 
allowing significantly more effective rehydration following exercise in the heat. 
The effect of dehydration on exercise performance has been the subject of several 
reviews (Sawka 1990; Sawka 1992; BaIT 1999; Coyle 2004). It is generally accepted 
that hypohydration decreases the capacity to perform aerobic exercise and that this 
effect may be exacerbated when exercise is performed in a hot environment (Buskirk 
et al. 1958; Saltin 1964; Saltin 1964; Craig and Cummings 1966; Caldwell et al. 
1984; Burge et al. 1993). In the present study subjects were essentially euhydrated 
(net fluid balance -IOlml) in the 50 trial and in net negative fluid balance of 650ml in 
the 0 trial. Therefore net fluid balance was reduced by 549 ml further in the I trial 
than in the 50 trial in comparison to the pre-dehydration value. This equates to a 
deficit in hydration of 0.73 % of body mass. 
In a recent review article, Coyle (2004) discusses the interaction of hydration status 
and environmental conditions on exercise performance. He concluded that 
hypohydration of 2% or greater may be tolerated without significant effects on 
performance when environmental conditions are moderate «25°C) (Robinson et al. 
1995; McConell et al. 1997; Backx et al. 2003), but that hypohydration of 
approximately 2% of body mass impairs performance and increases the risk of heat 
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injury when environmental temperatures are high (>30 QC) (Walsh et al. 1994; Below 
et al. 1995; Yoshida et al. 2002). 
It is generally believed that one of the major mechanisms by which dehydration 
reduces aerobic exercise performance is a reduction in the circulating blood volume. 
The magnitude of the increase in core temperature and heart rate (McConell et al. 
1997), and the decline in stroke volume (Montain and Coyle 1992) noted during 
exercise has been shown to be related to the degree of dehydration occurring during 
exercise. Several studies which have used an exercise performance test subsequent to 
exercise-induced dehydration to study the effects of dehydration on exercise 
performance, but the results are somewhat conflicting. Some of the variation in the 
results is probably explained by the fact that most studies of this type (including the 
present study) use change in body mass as a marker of changes in hydration status. 
Change in body mass is an accurate, convenient and non-invasive method of 
determining changes in hydration status at the level of the whole body. The main 
weakness in using body mass to measure changes in hydration status is that there is no 
way of determining the movement of fluid between the different body compartments. 
For example, in a rehydration study, at the time when body mass is measured 
following a urine sample, some ingested fluid may still be in the gut and therefore 
effectively outside the body, whilst the rest of the fluid will be distributed between the 
plasma, the interstitium and the intracellular compartment. There is no way of 
determining the proportion of fluid that has entered each of these compartments, but 
physiological responses will be determined to some extent by the distribution if the 
ingested fluid throughout the body. Therefore some of the variability in the results of 
studies investigating physiological responses to rehydration may arise from 
differences in the distribution of ingested drink throughout the fluid compartments of 
the body, which cannot be detected by change in body mass measurements. 
Costill and Sparks (1973) investigated rehydration after exerCIse resulting in 
dehydration of 4% body mass. Heart rates were found to be normalised after only 
62% of the fluid had been replaced and before plasma volume had returned to pre-
dehydration levels. Mitchell et al. (2000) also found that cardiovascular function was 
restored with rehydration despite fluid and plasma volume being incompletely 
restored. In contrast Nielsen et al. (1986) reported that performance in a 
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supramaximal exercise test (105% V02 max) was reduced by 20 % after rehydration 
following a 3% exercise-induced reduction in body mass. Heart rates were also shown 
to be higher in a submaximal exercise test following rehydration than before 
dehydration despite the fact that plasma volume had returned to levels higher than 
before dehydration. In addition, Heaps et al. (1994) found that heart rate during 
exercise after 65% rehydration was increased despite the fact that blood volume had 
been fully restored. 
It has been shown that the time to complete a set amount of endurance exercise is 
related to the magnitude of the decrease in plasma volume caused by previous 
dehydration (8urge et al. 1993). The subjects in that study were dehydrated by 5 % of 
body weight through mild exercise in the heat and fluid restriction and then partially 
rehydrated by consuming 1.5 litres of water. Subjects then performed a fixed amount 
of exercise as fast as possible and took significantly longer to complete the exercise 
after the dehydration/rehydration protocol than after a euhydration control. The 
increase in time to complete the exercise task was shown to be related to the 
magnitude of the deficit in plasma volume remaining following the partial 
rehydration. In the present study blood and plasma volume tended to increase in 
proportion to the concentration of sodium in the rehydration drink. At the final blood 
sample immediately prior to the exercise capacity test, blood and plasma volume were 
not different between trials, and had been restored to levels not different from baseline 
on all trials. Heart rate was not different between trials during the submaximal portion 
of the performance test, during the higher intensity period, or at exhaustion. 
The exercise capacity test In the present study was performed In moderate 
environmental temperatures «25°C). eoyle (2004) asserted that In moderate 
environmental temperatures hypohydration of greater than 2% of body mass can be 
tolerated without significant impairment of performance. In the present study the 
largest deficit in fluid balance was 650 ± 298ml or 0.87% of body mass. The 
difference in hydration status between the 1 mmol/l drink, which was the least 
effective at rehydrating, and the 50 mmoVI drink, which was the most effective, was 
549ml or 0.73% of body mass. The difference in hydration status between the trials in 
the present study was not large enough to result in an effect on exercise performance. 
In addition it has been reported that impaired exercise performance following partial 
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rehydration after exercise-induced dehydration may relate to a decreased plasma 
volume (Burge et al. 1993). In the present study the differences in overall fluid 
balance at the end of the rehydration period (i.e. the start of the exercise test) were 
relatively small, but were significant between the 1 mmolll trial and the 40 and 50 
mmolll trials. There was no significant difference in blood or plasma volume at this 
time despite the differences in overall hydration status. Therefore it seems that fluid 
movement from the intracellular/interstitial fluid compensated for the differences in 
overall hydration status. Given that the type of exercise test performed in this study 
was likely to have been affected by the maximum cardiac output it is perhaps not 
surprising that there was no difference in time to fatigue, due to the relatively small 
differences in hydration status and the complete restoration of blood and plasma 
volume in all trials. It would be interesting in future studies to investigate the effect of 
small differences in hydration status resulting from the dehydration/rehydration 
protocol on more prolonged exercise performance. It is possible that smaller 
differences in hydration status would play a greater role in the onset of fatigue during 
prolonged sub-maximal exercise or intermittent exercise in warm environmental 
conditions 
In conclusion, manipulation of the sodium chloride content of drinks in a range likely 
to be used in a practical setting can allow significantly better rehydration following 
exercise-induced dehydration. The addition of 40 or 50 mmolll of sodium chloride to 
a beverage reduces subsequent urine output and thereby provides more effective 
rehydration than a drink containing no sodium. Sodium content did not, however, 
affect the restoration of blood and plasma volume at the end of the rehydration period 
and therefore had no effect on high-intensity exercise capacity. 
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8.1 The importance of fluid balance to athletes 
The importance of fluid balance to athletes IS clear: while the level at which 
hypohydration begins to affect exercise performance is the subject of some debate, and 
will depend on the type of exercise and the environmental conditions, it is well accepted 
that hypohydration beyond a critical level will be detrimental to the ability to perform 
prolonged exercise. 
Most athletes should ensure that they are in the euhydrated state at the start of training 
and competition. The presence of moderate levels of hypo hydration «2% of body mass) 
at the onset of exercise have been shown to impair exercise performance in competitive 
1000m, 5000m and 10000m running (Armstrong et a\. 1985). Burge et a\. (1993) induced 
hypohydration of 5.4% of body mass in competitive rowers through light exercise and 
fluid restriction then allowed partial rehydration the following morning with 1.5 litres of 
water. The time to complete a rowing ergometer time trial simulating a 2000m rowing 
race was significantly increased when partially hypohydrated compared to when 
euhydrated. The increase in the time takcn to complete the time trial was strongly related 
to the reduction in plasma volume remaining following rehydration in comparison to the 
pre-dehydration time point. Prior hypohydration of 4.1 and 5.5% of body mass has been 
associated with a decreased maximum oxygen uptake (Buskirk et al. 1958; Caldwell et al. 
1984), though others have found that hypohydration of up to 5.2% of body mass does not 
affect maximum oxygen uptake (Saltin 1964). 
Hypohydration developed during prolonged exercise has also been shown to affect the 
ability to perform exercise. Endurance exercise capacity is increased when 2ml/kg body 
mass of water is ingested every 15 min during running at 70% V02 max compared to 
when no fluid is consumed (Fallowfield et al. 1996). The effect of hypohydration on 
exercise performance has been extensively studied in recent years. Two studies showed 
that hypohydration of under 2% of body mass accrued during approximately one hour of 
cycling results in an impaired performance in a subsequent exercise test (Walsh et al. 
1994; Below et a!. 1995). However, McConell et a!. (1997) manipulated fluid intake 
during three two-hour bouts of cycling at 69% V02 max to provoke hypohydration levels 
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of 0.1, 1.8 or 3.2% of body mass. Exercise time in a subsequent ride to exhaustion at 90 
% V02 max was significantly shorter in the 3.2% trial than the 0.1% trial, but there was 
no difference in time to exhaustion between the 0.1 % and the 1.8% trial. In addition, 
performance in a one hour self-paced time trial was not affected by 1.7% body mass loss 
in male cyclists (Backx et al. 2003). These conflicting results have been attributed to 
differences in the environmental conditions under which exercise was performed. The 
studies of Below et al. (1995) and Walsh et al. (1994) were performed in a warm 
environment (30°C), while the studies of Backx et al. (2003) and McConell et al. (1997) 
were in environmental temperatures of 20 - 21°C. Hypohydration is associated with 
increased cardiovascular strain during exercise (Gonzalez-Alonso et al. 1995; Gonzalez-
Alonso 1998). When exercising in warm conditions the body faces conflicting 
requirements for the cardiac output. The active muscles require maintained blood flow to 
enable provision of nutrients and removal of metabolic end products, while blood must 
also be directed to the periphery to facilitate heat transfer from the body core. When 
exercise is performed in hot conditions these conflicting needs compete for blood flow, 
and this may impair prolonged exercise performance. Hypohydration is also detrimental 
to the ability to thermoregulate effectively in hot conditions: the increase in core 
temperature during exercise is graded in proportion to the level of hypohydration during 
exercise (Montain and Coyle 1992). The interaction between hypohydration and 
environmental temperature means that the critical level of hypohydration at which 
prolonged exercIse performance becomes significantly impaired decreases as 
environmental temperature increases: hypohydration of less than 2% of body mass seems 
to impair prolonged exercise performance when environmental temperature is > 30°C, but 
higher levels of hypo hydration may be tolerated when environmental temperature is <21 -
22°C (Coyle 2004). 
The results above show that during prolonged exercise (>45 minutes) hypohydration can 
impair exercise performance and that the critical level at which performance significantly 
decreases is related to the thermal strain during exercise. During exercise· of shorter 
duration it is unlikely that significant body fluid losses occur during exercise. However, 
hypohydration existing at the onset of exercise may impair intense exercise performance. 
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Craig and Cummings (J 966) reported that during an incremental treadmill walking test to 
fatigue (lasting 5 -12 minutes) maximum oxygen uptake was decreased by 10% when the 
subjects were hypohydrated by 1.9% of the body mass and by 27% when hypohydrated 
by 4.3%. The authors reported that this decrease in maximum oxygen uptake was due to 
the early termination of exercise due to heat stress rather than an effect on oxygen uptake 
per se. It is possible that a decreased cardiac output resultant from the reduced blood 
-volume associated with hypohydration may impair the ability to perform near maximal 
levels. Short term intense exercise lasting 30 minutes or less probably does not result in 
fluid losses that will impair performance when exercise is initiated in the euhydrated 
state. However, if exercise is begun with existing body fluid deficit, as may occur when 
living and training in hot conditions prior to competition, exercise capacity may be 
impaired even after a short period of exercise. 
It is clear, therefore, that the maintenance of fluid balance is of importance to athletes in 
order to ensure that prolonged exercise performance can be maximised. The following 
sections discuss fluid loss through sweating and the replacement of sweat losses through 
fluid consumption with reference to the desire to ensure optimum hydration status during 
athletic training and competition. 
8.2 Sweat loss and sweat composition 
Chapters 5 and 6 involved the determination of sweat electrolyte concentration during 
exercise. Chapter 5 investigated the effect of increasing sweat rate on sweat electrolyte 
concentration. Sweat composition was measured by two methods: the regional collection 
method also used in Chapter 6, and the whole body wash down method of Shirreffs and 
Maughan (J 997). A comparison of the values for sodium, potassium and chloride 
concentration obtained by the two methods revealed that the regional sweat collection 
produced significantly higher values than the whole body wash down method. Sweat 
sodium, potassium and chloride concentration values using the regional collection 
method were 56 ± 13 mmoll1, 5.2 ± 1.7 mmol/l, and 51 ± 13 mmolll respectively, while 
using the whole body wash down method the values were 30.7 ± 12.3 mmol/l, 4.2 ± 0.8 
mmolll, and 28.5 mmolll for sodium, potassium and chloride concentration respectively. 
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This finding has been previously reported by other investigators (Shirreffs and Maughan 
1997; Patterson et al. 2000). Differing sweat rates in two trials were induced in Chapter 5 
by cycle ergometer exercise in environmental temperatures of 27°C and 34°C. Sweat 
sodium, potassium and chloride concentration were higher in the warmer conditions than 
in the cooler conditions when measured by the whole body wash down method, but only 
sodium and chloride concentrations were higher in the warmer trial when measured by 
regional collection. This is consistent with the proposal that increased sweat rate 
influences sweat composition by reducing the time in the sweat duct, and thereby causes 
increased sweat electrolyte concentration at the surface of the skin. However, sweat rate 
was not well correlated with sweat sodium and potassium concentrations, and was only 
moderately well correlated with whole body chloride concentration. This may be due to 
the fact that differences between trials in sweat rates and sweat compositions between 
trials were small in comparison to the individual variability in values. 
Chapter 6 used the regional sweat collection method reported in Chapter 5 to assess sweat 
electrolyte concentrations in elite professional footballcrs during normal training 
sessions. Mean sweat composition was found to be within the reported normal range, and 
was similar to those reported in Chapter 5. Sweat sodium, potassium and chloride 
concentrations in Chapter 5 were 56 ± 13, 5.2 ± 1.7 and 28.5 ± 16.4 mmolll, and were 46 
± 16 mmolll, 5.4 ± 1.4 mmolll, and 44 ± 14 mmol respectively in Chapter 6. The major 
finding with regards to the sweat composition was the large variability in the sweat 
composition between individuals. Sweat rate was determined from the change in body 
mass during training, and was again correlated with sweat composition. There was a 
weak correlation (r = 0.42) between sweat chloride concentration and sweat rate, but no 
correlation between sweat rate and sweat sodium (r = 0.16) and potassium (r = 0.09) 
concentrations. This was probably due to the inter-individual variability in regional sweat 
rate and composition and the crude nature of using whole body sweat loss to correlate 
with regional sweat electrolyte concentration. No strong correlations (r < 0.4) were found 
between the regional sweat electrolyte concentrations and the whole body sweat rate in 
Chapter 5. 
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8.3 Fluid intake to prevent impaired exercise performance 
The previous section discussed sweat losses during exercise, and section 8.1 described 
the negative effect that hypohydration can have on exercise perfonnance. This section 
aims to discuss fluid intake with reference to prevention of decrements in exercise 
perfonnance due to hypohydration. This section will deal with fluid intake during 
exercise and following exercise-induced dehydration. Rehydration following heavy sweat 
loss is important for athletes who train every day or more than once per day, as 
incomplete fluid replacement before the next training session may result in impaired 
exercise perfonnance (Burge et al. 1993). With reference to Chapter 4 of this Thesis the 
role of 'sports drinks' in improving exercise perfonnance and capacity during training 
and competition will be discussed. 
In order to benefit exercIse perfonnance fluid must be assimilated into the water 
compartments of the body (the extra- and intra-cellular compartments). Ingested fluid 
must first pass from the stomach into the small intestine and then be absorbed into the 
body, and this process will detennine the rate at which ingested fluid reaches the water 
compartments of the body (Leiper 1998). The first step in this process is the gastric 
emptying of the fluid and this step may be rate limiting in the entry of fluid into the body. 
The rate of gastric emptying generally increases as the volume of fluid in the stomach 
increases (Costill 1990), and decreases as the energy content of the fluid increases (Vist 
and Maughan 1994). Gastric emptying is thought to be unaffected by exercise up to an 
intensity of <70% V02 max, but is slowed when exercise is more intense (Shi and Gisolfi 
1998), and intennittently intense exercise such as football play (Leiper et al. 2001). After 
passing into the small intestine, water absorption is essentially a passive process that 
depends on local osmotic gradients. Water movement across the intestinal lumen is bi-
directional, and it has been demonstrated that initial movement depends on the osmolality 
of the ingested fluid. Hypotonic solutions result in a net movement of water from the 
intestine into the body fluids, while ingestion of a hypertonic solution will cause water to 
move from the body into the intestinal lumen. This finding has potential implications in 
situations where rapid fluid absorption is desired. Chapter 3 investigated the effect of 
ingesting drinks differing in glucose concentration, and therefore osmolality, on blood 
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and plasma volume during seated rest. It was found that ingestion of hypertonic 6% (342 
mOsm/kg) and 12% (678 mOsm/kg) glucose solutions may result in a small transient 
decrease in blood and plasma volume in the 20 minutes after drinking. Consumption of 
the 2% glucose solution resulted in a tendency for blood and plasma volume to be 
increased in comparison to the 0"10 glucose drink. It has long been known that fluid 
absorption in the small intestine is linked to glucose absorption (Murray 1987; Gisolfi 
1990), and this study provides some evidence that this may cause a transient increase in 
blood volume in resting subjects. This lends support to the suggestion that the addition of 
2% glucose to fluid ingested during exercise may allow improved performance due to 
greater intestinal water absorption and therefore better maintenance of hydration status 
(Galloway and Maughan 2000). The changes in blood volume on the 2% trial after 20 
minutes and the 12% trial after \0 minutes were approximately ±1.5%. Ifblood volume is 
assumed to be 5 litres this corresponds to a change of around 75 ml of blood in either 
direction. After 20 min approximately 300ml of the 2% drink had probably been emptied 
from the stomach and passed to the intestine and resulted in a small increase in blood 
volume. This suggests that much of the emptied fluid either remained in the gut or had 
been absorbed into the ICF and the ISF. 
It would have been interesting to measure the fluid movement between body 
compartments (in Chapter 3) as this would have allowed more in depth analysis of the 
time course of fluid movement. In addition a no fluid trial would have allowed analysis of 
the natural fluctuations in blood and plasma volume and would be useful in determining 
the physiological significance of fluid shifts. An obvious follow up study to Chapter 3 
would be to study the effect of the 2% and 12% solutions during exercise, possibly in 
conditions of hypohydration and heat stress. Measurement of the movement of water 
between fluid compartments, and the response of hormones involved in maintenance of 
fluid balance would significantly strengthen the interpretation the results of the proposed 
study. 
The discussion of the addition of carbohydrate to fluid ingested during exercise links to 
the findings of Chapter 4 of this thesis. The results of Chapter 4 demonstrate that 
198 
Chapter 8 General discussion 
ingestion of a carbohydrate electrolyte solution can prolong exercise time to exhaustion 
during a progressive shuttle running test after four fifteen minute bouts of variable 
intensity shuttle running in comparison to water ingestion. There was also a suggestion 
that the carbohydrate-electrolyte drink maintained skill performance in a motor skills test 
and may have maintained subjective feelings relate to motivation to exercise in the later 
stages of exercise. This is in agreement with previous findings that carbohydrate-
electrolyte drinks can improve exercise capacity in exercise models designed to simulate 
performance in sports such as football, basketball and hockey (Nicholas et al. 1995; 
Davis 2000; MaClaren and Close 2000; Welsh et al. 2002). However, the improvement in 
performance may have been partly influenced by a placebo effect (Clark et al. 2000), as 
subjects were aware that the study was designed to test 'sports drinks' with water and no 
attempt was made to blind subjects to the drink consumed. Nevertheless, subjects were 
not aware of the composition of the two sports drinks and could not have guessed if one 
or the other was expected to improve performance more than the other. This lends weight 
to the argument that subjects were not unduly influenced by a placebo effect. The 
increase in performance time to exhaustion was lower than that reported in other studies 
of a similar nature (Nicholas et al. 1995; Davis 2000; MaClaren and Close 2000; Welsh 
et al. 2002), and this may have been linked to the nature of the exercise test used in 
Chapter 4. 
It has been observed that less distance is covered in the second half of football matches in 
comparison to the first half, and 20m sprint speed may be reduced after a football match 
(8angsbo 1994). During competitive football matches proportionally more goals are 
scored as match time increases (Abt 2002), and more injuries are recorded in the final 
fifteen minutes of each half, and in the second half compared to the first half (Hawkins et 
al. 2001). This suggests that fatigue may play a role in a decrease in football 
performance, and the incidence of injuries, that can functionally affect the outcome of 
competitive matches. A study by (Muckle 1973) provided some evidence that ingestion 
of carbohydrate may improve performance in competitive football: more goals were 
scored and fewer goals were conceded in the second half of football matches when 
glucose syrup was ingested before the match and at half time. However, this study was 
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not well controlled, as the observations were made over a succesSIOn of competitive 
league matches. In addition, tennis stroke performance was shown to be maintained 
during a two hour training session when a carbohydrate drink was consumed in 
comparison to a water placebo (Vergauwen et al. 1998). Taken together these results 
suggest that a carbohydrate-electrolyte solution consumed during intermittent type sports 
can improve or maintain performance and that this can translate into a functional benefit 
for the athlete. 
The improvement in exercise capacity reported in Chapter 4 was smaller in magnitude 
than in the studies of Welsh et al. (2002), MaClaren and Close (2000) and Nicholas et al. 
(1995).The improvement in exercise capacity was not due to variability in the effect on 
time to exhaustion of ingesting carbohydrate-electrolyte drinks. Although there was a 
large variation in exercise time to exhaustion between subjects, all subjects ran for a 
longer time when drinking a carbohydrate-electrolyte drink than when drinking water, 
with the exception of one subject who ran for 9 seconds longer after drinking water than 
after drinking the 8.2% carbohydrate drink. The performance improvement reported in 
Chapter 4 may have been due to an ability to run at a faster speed at the end of the 
incremental shuttle running test when the carbohydrate-electrolyte drinks were consumed 
in comparison to water. However, the incremental test used to measure performance was 
essentially assessing the V02 max of the subjects. One of the main limitations to V02 max 
is the maximum cardiac output, and therefore this may suggest that cardiac output was 
better maintained when the carbohydrate-electrolyte solutions were consumed. In future 
studies it would be interesting to assess the effect on hydration status on the performance 
of this exercise protocol in order to examine possible effects of changes in cardiac output 
on the exercise test. With reference to the findings of Chapter 3, it might be interesting in 
future study to incorporate the use of hypotonic and hypertonic drinks to induce changes 
in blood volume. The protocol used in Chapter 4 could then be used to investigate the 
effect of any change in blood volume caused by ingesting the drinks on cardiac output 
and exercise capacity. 
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Chapter 4 lends support to the notion that ingestion of a carbohydrate-electrolyte drink 
before and during exercise allows better performance during intermittent type activity 
than water alone. Six out of seven subjects performed better when consuming the 
carbohydrate-electrolyte solutions than when drinking water. These results suggest that 
consumption of a carbohydrate-electrolyte drink during competition may result in 
maintenance of performance in the later stages of the match and this could provide an 
advantage over opposition due to a reduction in fatigue and possibly be reducing the risk 
of injury. 
The Chapters highlighted so far in this discussion have been controlled laboratory studies 
in which sweat losses and fluid intakes have been investigated with a view to discerning 
the best methods for athletes to perform to the best of their ability. Chapter 6 presented 
the product of a series of field-based investigations into fluid and electrolyte balance in 
elite athletes. 
It is well known that athletes generally do not consume enough fluid to prevent a 
decrease in body mass following exercise (Pitts 1944; Greenleaf 1965; Greenleaf 1992; 
Cheuvront and Haymes 2001). However, there is no suggestion that it is necessary to 
completely replace fluid lost as sweat during exercise. There have been no studies which 
have shown exercise performance or endurance capacity to be reduced when levels of 
hypohydration are low. In hot conditions exercise performance begins to be impaired as 
body mass loss approaches 2% (Walsh et al. 1994; Below et al. 1995), but in temperate 
conditions body mass loss of 2% or greater may be tolerated without a significant effect 
On exercise performance (McConell et al. 1997; Backx et al. 2003). The aim of fluid 
ingestion during exercise is to prevent a decrease in exercise performance and therefore it 
is necessary only to ingest fluid in sufficient quantities to prevent a critical level of 
hypohydration being reached where exercise performance is affected (Coyle 2004). 
In Chapter 6 players at four different professional football clubs were studied during 
normal training sessions, and fluid and electrolyte losses and fluid intake were measured. 
At clubs B, C and D environmental temperatures (25 - 28°C) were approaching those at 
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which Coyle (2004) suggests may potentiate the effects of hypohydration on 
performance. At club A the environmental temperature was 5°C, and therefore in the 
range where it is suggested that greater levels of hypohydration may be tolerated. There 
were two interesting findings when comparing the fluid balance of players in these 
conditions. Players at club A wore more clothes during training including waterproof 
materials. Heavy clothing provides a physical barrier to heat loss through convection, 
radiation and evaporation of sweat during exercise and will result in increased heat 
storage compared to when lightly clothed (Havenith 1999; Gavin 2003). Despite 
significantly lower ambient temperatures there was no significant difference in sweat loss 
or sweat rate between club A and clubs Band C, though overall sweat rates were higher 
in warm temperatures than in cool temperatures. Nevertheless sweat rates were over 1 llh 
in cold conditions, and mass loss tended to be greater in cool conditions as compared to 
warm conditions. It is possible that the relatively high sweat rates in the cold as compared 
to warmer conditions was due to differences in the intensity of training performed as 
exercise in the heat is associated with a decreased power output in self-paced exercise 
(Tatterson et al. 2000). 
The recommendation of (Coyle 2004) that cool temperatures allow a greater tolerance for 
hypohydration may be dependant on the conditions providing more effective heat loss 
from the body and therefore reducing the strain caused by the combined effects of 
hyperthermia and hypohydration. In the case of club A in the present study, although the 
environmental temperature was low, the sweat rates and presumably core temperatures 
were relatively high. In this situation it may be better to recommend limiting levels of 
hypohydration to those recommended for exercise in warm conditions, as the requirement 
for heat loss through sweat evaporation may be almost as great as in warmer temperatures 
when fewer clothes are worn. 
In attempting to prescribe fluid intake in order to prevent a reduction in performance it is 
important to consider the second important finding in chapter 6. Sweat rate and fluid 
intake were both highly variable in players performing the same training routine, in the 
same environmental conditions, and with the same access to fluid. This resulted in large 
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variations in the change in body mass after training. At each club the difference in the 
percentage of body mass lost between the player who lost most and lost least was over 
1.8% of body mass, and was 2.84% of body mass at club C. As hypohydration has been 
shown to impair exercise performance when body mass is decreased by as little as 1.8% 
of body mass players should attempt to consume enough fluid to ensure that this value is 
not reached when exercising in warm conditions, or where significant body heat storage 
and sweating may occur. In cool conditions where heat loss to the surrounding 
environment will prevent a rapid increase in core temperature and sweat rate, larger 
magnitudes of hypohydration may be acceptable. Therefore if a threshold level of 
hypohydration of 1.5% is chosen to ensure that performance is not impaired, players can 
be divided into those who are consuming enough fluid and those who are not consuming 
enough to prevent this level being reached. Fifty-one out of eighty-five (60%) players 
were hypohydrated by less than 1.5% of body mass at the end of training and therefore 
would not be considered to be in danger of hypohydration causing a decrement in 
performance. Several players drank enough fluid to prevent any mass loss, while two 
players gained a small amount of mass «0.2Skg) during training. There does not appear 
to be any need physiologically to consume this much fluid (Cheuvront and Haymes 2001) 
and it is known that very large fluid intakes can be dangerous due to the risk of 
hyponatraemia (Noakes et al. 1990; Noakes 2003). However, hyponatraemia is generally 
associated with exercise time of> 3 hours and consumption of very large volumes of fluid 
that do not contain sodium. Therefore it is unlikely to be a significant risk to the 
individuals in the present study. 
Thirty-four players were hypohydrated by > 1.5%, and thirteen were hypohydrated by 
>2% at the end of training. There is a possibility that some of these players may have 
been at risk of training performance being impaired due to hypohydration and these 
players should be encouraged to drink more fluids during training. 
8.4 Replacement of fluids following exercise-induced dehydration 
The previous section discussed fluid losses incurred during intense exerCIse, and 
demonstrated that many athletes are in significant negative fluid balance at the end of a 
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training session or competition. In many cases the next training session or competitive 
challenge follows on the same day or the day after significant fluid losses have been 
incurred. Optimum performance in the subsequent bout of exercise depends on the 
recovery of fluid balance in the intervening period because initiating exercise in the 
hypohydrated state results in impaired exercise performance (Armstrong et al. 1985; 
Burge et al. 1993). The restoration of extracellular fluid balance is intimately linked to 
the replacement of the sodium lost in sweat (Shirreffs and Maughan 1998). It has been 
shown that for complete restoration of euhydration following large sweat losses sodium 
must be replaced, as ingestion of water and a low sodium diet results in persistent 
hypohydration (Takamata et al. 1994). It is clear therefore that for rapid rehydration a 
beverage containing sodium will allow more effective rehydration than plain water, and it 
has been suggested that the sodium concentration of a rehydration drink should match the 
sodium concentration of the sweat (Maughan 1991). However, voluntary fluid intake is 
dependant on the palatability of the beverage, and high sodium concentrations have been 
shown to decrease the palatability of rehydration drinks (Passe 2001). The aim of Chapter 
7 was to build on the work already in the literature concerning rehydration following 
exercise in warm conditions. The study was designed to determine the effectiveness of 
the systematic addition of varying amounts of sodium chloride to fluid ingested following 
exercise induced dehydration, in a range that could conceivably be used without 
impairing palatability. In addition, the effect of any improvement in rehydration on 
subsequent high-intensity exercise performance was examined. 
The cumulative unne output following the 1 hour rehydration period was inversely 
related to the sodium chloride content of the ingested beverage. The addition of 40 or 
50mmolll of sodium chloride to the rehydration drink resulted in net fluid balance being 
significantly closer to the level before exercise-induced dehydration than a drink 
containing only Immolll. The percentage of the ingested drink retained was 39, 50, 60 
and 64% in the Immolll, 31 mmol/l, 40 mmolll and 50mmol/l trials respectively four 
hours following the end of the rehydration period. These values are in close agreement 
with those of (Shirreffs and Maughan 1998), who found that 37% and 59% of fluid 
ingested was retained when a similar dehydration/rehydration protocol was followed with 
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drinks of sodium concentration I and 50 mmol/l. These results demonstrate that the 
effectiveness of rapid rehydration following exercise induced dehydration is related to the 
sodium chloride concentration of the ingested drink. Net fluid balance four hours 
following the end of the rehydration period was significantly closer to euhydration when 
the sodium chloride concentration of the rehydration beverage was 40 or 50 mmolll 
compared to I mmol/l, but was not significantly different when sodium concentration was 
30 mmol/l. 
If the extent of rehydration following exercise induced dehydration is linked to the 
recovery of lost sodium (Nose et al. 1988; Shirreffs and Maughan 1998), it follows that 
the amount of sodium that is required to restore equilibrium will be linked to the amount 
of sodium initially lost. Therefore the extent of rehydration promoted by a drink with a 
given sodium concentration will depend on the sodium lost during dehydration, which in 
turn depends to a large extent on the sodium concentration of the sweat. Chapters 5 and 6 
demonstrated the large variability in the sodium concentration of sweat between 
individuals, and it should therefore follow that there is a large variability in the extent of 
rehydration produced by each drink. In support of this, the range in the percentage of 
ingested fluid retained for the I mmol/l drink and the 50 mmolll drink was 19 - 57% and 
49 - 78% respectively. This again supports the notion that fluid and electrolyte intake 
must be tailored to the individual athlete. It is relatively easy to assess sweat losses in 
footballers, and athletes in general, during training. Body mass loss and fluid intake can 
be measured with the use of weighing scales and thereby sweat losses can be calculated. 
The extent of hypohydration present at the end of a training session simply requires body 
mass to be measured before and after training. It seems worthwhile to undertake this 
simple practice so that fluid ingestion during training can be tailored to individual needs. 
It is more difficult to quantify electrolyte losses during training without some degree of 
specialist expertise. It may be prudent to encourage individuals with very high sweat 
losses to actively ensure that dietary electrolyte (sodium, chloride and potassium 
principally) are towards the upper range of the recommended intake. 
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The sodium concentration of most commercially available sports drinks is <30 mmol/l 
(Maughan 1992). The results of Chapter 7 suggest that this value may be lower than 
necessary for gains in fluid balance to be optimised following exercise induced 
dehydration, especially for those with a high sweat sodium concentration. In such cases it 
may be recommended that drinks be supplemented with further sodium to promote more 
effective rehydration. In a practical setting it should also be noted that in most cases 
athletes will consume food between bouts of exercise (Shirreffs 2000). It has been 
demonstrated that the ingestion of food with plain water can provide effective rehydration 
by replacing the electrolytes lost in sweat. In practice this may be recommended due to 
the benefits for rehydration, but also for aiding in the restoration of liver and muscle 
glycogen. 
The aim of rapid rehydration between bouts of exercise is to mInImISe the risk of 
subsequent exercise performance being affected by hypohydration remaining from the 
previous exercise. In Chapter 7 it was found that the improved rehydration resulting from 
the increased sodium content of the drink consumed did not confer any advantage during 
a subsequent high intensity exercise capacity test. The difference in hydration status 
between the 1 mmolll drink and the 50 mmolll drink trials immediately before the 
exercise capacity test amounted to only 0.87% of body mass and was therefore unlikely 
to have been large enough to significantly affect performance. In addition, blood and 
plasma volume had been restored to pre-dehydration levels in all trials. Reduced exercise 
performance following partial rehydration has been linked to the extent of the reduction 
in plasma volume remaining at the start of exercise (Burge et al. 1993). This may also 
explain the failure of the significantly improved hydration status to improve exercise 
capacity, particularly for the high-intensity type of exercise reported in Chapter 7. When 
exercise is prolonged and fluid intake during exercise does not match fluid loss, 
dehydration will accrue as exercise time increases. It is recommended that prolonged 
exercise where a there is risk of hypohydration should be begun in the euhydrated state. 
Therefore, although exercise capacity was not affected in Chapter 7, it would seem 
sensible to aim to restore body fluids as much as possible if subsequent exercise IS 
prolonged and the opportunity to maintain hydration during exercise will be limited. 
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The work presented in this thesis furthers the understanding of the role of fluid balance 
and fluid ingestion in optimising physical performance, and provides a platform on which 
further research can continue to expand knowledge in this area. Chapter 6 suggested that 
a significant minority of professional football players tend to begin training sessions with 
mild hypohydration. The results of Chapter 3 suggested that hypotonic 2% glucose drinks 
might be more beneficial than drinks higher in tonicity and carbohydrate content when 
rapid hydration is desired. It could be suggested, therefore, that players should drink such 
hypotonic drinks before training to ensure euhydration, especially if training is to be 
performed in hot conditions with the increased risk of heat illness. 
Chapter 4 suggested that ingestion of carbohydrate-electrolyte solutions during exercise 
designed to simulate the demands of training for and playing game type sports such as 
football improves exercise capacity. It may maintain motivation and motor skills 
performance in comparison to water ingestion. These results are of interest because at 
two of the professional football clubs reported in Chapter 6 some or all of the players 
drank only water during training. If ingestion of carbohydrate-electrolyte drinks is able to 
allow maintained exercise capacity and motor skills performance, possibly with some 
influence of increased motivation, ingestion during sessions may promote more effective 
training. 
Chapter 6 significantly improved the knowledge of the fluid balance of professional 
football players in training. The development of the simple convenient method of sweat 
collection, as tested in laboratory conditions in Chapter 5, allowed determination of the 
electrolyte losses in professional football players. Taken with the fluid balance data, this 
permitted more detailed knowledge of the thermoregulatory response to intense training 
in both warm and cool environmental temperatures. Unsurprisingly, there is very little 
literature concerning the fluid balance effects of training in cool environmental 
temperatures. The results in Chapter 6 demonstrate that the extent of hypohydration 
accrued during training in low temperatures was as great or greater as that when training 
in warm conditions. This was probably partly due to the tendency to wear more clothes 
for training, but was also due to the significantly lower fluid intakes of the players in the 
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cool environment. This finding was interesting because sweat rates were almost as high 
when training in cool conditions, but the drive to drink was clearly less in low 
temperatures. The reason for this finding was not entirely clear from Chapter 6 and would 
provide an interesting direction for further research. 
The methods used in Chapter 6 provide a basis for further research into the interaction 
between fluid and electrolyte balance, thermoregulation and athletic performance, as the 
method could easily be adapted for use in field testing for most sports. Greater 
understanding of the physiological demands of participating in sport would be gained 
with the use of heart rate monitors and ingestible core temperature monitoring pills. This 
opens the possibility of assessing the interaction between core temperature, sweat rate, 
fluid intake and sweat composition, all without significant inconvenience to the athlete. It 
would be interesting to use the combination of these techniques to measure the response 
to athletic performance in varying environmental conditions. In addition, the convenience 
of these measuring devices allow data to be collected without affecting the athlete's 
behaviour and opens the possibility of measurement during competitive performance. 
Measurement and investigation of the physiological responses to athletic performance in 
normal training and under competitive conditions will allow the most valid 
recommendations for optimising athletic performance. The convenient and adaptable 
methods developed in this thesis go some way to allowing the assessment of fluid and 
electrolyte balance in such situations in a variety of circumstances. 
8.5 Summary 
In summary, the focus of this thesis was on fluid and electrolyte balance before, during 
and after exercise. The aim was to extrapolate the findings to make recommendations for 
the maintenance of fluid and electrolyte balance for athletes before, during and after 
training and competition. 
Chapter 3 showed that the tonicity of an ingested fluid may have a small but significant 
effect on blood volume due to the bi-directional nature of water transport in the small 
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intestine. It may be that the ingestion of solutions hypertonic to the body fluids should be 
avoided in situations where rapid fluid absorption is desired. There was also a suggestion 
that the well-known effect of small amounts of glucose on water absorption may have 
increased blood volume when a 2% glucose solution was ingested. These results suggest 
that when exercising in situations where maintenance of fluid balance may be critical, 
such as prolonged exercise in warm conditions, consumption of a 2% carbohydrate 
solution would provide more rapid hydration, and would therefore be more beneficial, 
than a solution of higher carbohydrate content 
Chapter 4 showed that the ingestion of a carbohydrate-electrolyte solution improved 
intermittent shuttle running capacity in comparison to water, and there was a suggestion 
that motor skills and motivation to exercise were better maintained when the 
carbohydrate electrolyte drinks were consumed. These results suggest that athletes in 
intennittent type sports such as football and hockey may benefit from ingesting 
carbohydrate-electrolyte solutions, and there was certainly no suggestion of any negative 
effects of doing so. These results suggest that ingestion of electrolyte solutions of 6% or 
8.2% carbohydrate can improve incremental shuttle running following intermittent 
running designed to simulate field type sports. In reference to Chapter 3, it would be 
interesting to detennine whether a 2% carbohydrate solution would be equally effective 
in improving performance, as at this stage the best recommendation from the two 
chapters would be to drink solutions with higher carbohydrate contents in situations 
where fluid balance is likely to be less critical. Nevertheless, a 2% drink seems to be 
more beneficial to fluid balance than a 6% solution. 
Chapters 5 and 6 reported the sweat responses of individuals to exercise in the laboratory 
and in the field. Chapter 5 showed that the regional collection method produces 
significantly higher values for sweat electrolyte concentrations than the whole body wash 
down method, but that the two methods provided values for sodium, potassium and 
chloride concentration that were well correlated. In addition sweat sodium, potassium and 
chloride values were found to be higher when environmental temperature and sweat rates 
were higher by the whole body collection method. The regional collection method found 
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that only sodium and chloride concentrations were higher in the warmer environmental 
temperature. From the results it could be suggested that when exercising in the heat, 
where sweat rate is likely to be greater, drinks consumed during and after exercise should 
be higher in electrolyte content, as electrolyte losses are proportionally greater as sweat 
rate increases. 
Chapter 6 showed that in general professional footballers do not drink enough fluids to 
match sweat losses during training. Thirty-one out of the eighty-five players tested were 
hypohydrated at the end of training to an extent that may have put them at risk of 
impaired performance in conjunction with the environmental conditions. There was a 
large variability within clubs in the volume of sweat lost, the volume of fluid consumed 
and the extent of the hypohydration accrued at the end of the training session. The large 
variability in the fluid balance data highlights the continuing need for education of 
athletes, as despite being elite performers, a significant proportion of players did not 
match fluid intakes with sweat losses. In addition, the results from the club studied in 
cool conditions suggest that athletes may feel less need to drink in these conditions. The 
levels of hypo hydration accrued by some of the players in cool conditions show that there 
is still a need to encourage liberal drinking even when environmental temperatures are 
not high. 
Chapter 7 followed on from the finding that significant hypohydration is evident at the 
end of training sessions by fine-tuning the knowledge of the role of the sodium 
concentration of an ingested beverage on post-exercise rehydration. It was shown that the 
addition of 40 and 50 mmolll of sodium chloride to an ingested drink provided 
significantly more effective rehydration than a drink containing I mmol/l. There was a 
large variation in the extent of the rehydration provided by each drink, and this may be 
related to the sodium concentration of the sweat lost during exercise. As long as 
palatability can be maintained, it seems that the sodium content of rehydration beverages 
should be as high as 50 mmol/l when rapid rehydration is a priority. The reason being 
that the extent of rehydration four hours after finishing drinking was directly related to 
the sodium chloride concentration of the drink. 
210 
Chapter 8 General discussion 
Overall, the recommendations that arise from this thesis would be to drink a dilute (2%) 
carbohydrate solution before exercise in order to most effectively promote fluid 
absorption. Consumption of 6% or 8% carbohydrate-electrolyte solutions may be 
effective at prolonging high intensity exercise following intermittent exercise similar to 
that during field type sports. There is a large variability in fluid balance in athletes during 
training, and presumably competition, and athletes would be advised to tailor their 
behaviour for their own specific needs. It is reasonable to recommend that when 
rehydrating from exercise induced dehydration, a drink with a moderately high sodium 
content should be consumed. 
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Appendix I 
Data contained in the figures in chapters 3 - 7 
The following appendix contains the data presented in the figures from chapters 3, 4, 5, 6 
and 7. Data is presented as mean ± Standard deviation or median (range) as stated. 
Chapter 3: Osmolality of ingested glucose solutions and body water shifts in resting 
humans. 
Figure 3.4.1. Median (range) change in blood volume calculated relative to the volume 
immediately prior to drinking. 
-30 -15 0 10 20 30 40 50 60 
00/0 
-0.7 0.3 0.0 -0.7 0.7 0.0 0.7 ·0.7 -0.7 
- 3.5-2.9 -2.0-3.8 0.0 -2.2-4.2 -4.8-3.0 -\.9-3.0 -\.9-4.0 -3.1-7.0 -5.7-3.0 
20/0 
-0.7 0.7 0.0 0.0 1.4 1.7 \.0 -0.3 0.0 
-2.9-\.9 -\.6-3.8 0.0 -2.3-5.2 0.0-4.5 -\.6-3.6 -2.9-5.3 -3.5-3.9 -3.5-\.9 
6% 
0.0 0.0 0.0 0.0 ·0.3 -1.3 0.7 0.7 -0.7 
-5.7-\.5 -1.4-1.4 0.0 -4.3-5.6 -3.9-2.2 -6.9-5.0 -3.6-4.3 -5.0-3.5 -4.9-4.3 
12% 
-1.4 -0.6 0.0 -1.4 ·\.0 -0.3 -0.7 0.0 -1.4 
-3.8-2.2 -3.5-0.8 0.0 -3.5-0.6 -5.4-\'2 -3.5-2.2 -2.6-3.1 -3.5-0.8 -4.7-\.8 
Figure 3.4.2. Median (range) change in plasma volume calculated relative to the volume 
immediately prior to drinking. 
-30 -15 0 10 20 30 40 50 60 
0%, 
-1.6 0.4 0.0 .1.\ 0.8 0.6 0.1 -I.S -1.4 
-3.8-4.3 -3.2-S.6 0.0 -4.0-S.7 -S.7-S.6 -3.6-6.S -2.4-4.9 -4.7-13.5 -9.6-3.9 
2%, 
-1.0 1.1 0.0 -0.8 3.2 1.3 1.9 -I.S -I.S 
-2.4-3.9 -2.4-4.7 0.0 -3.9-8.9 -3.4-4.1 -3.2-6.2 -S.S-6.3 -S.2-S.8 -4.4-3.7 
6% 0.8 -0.1 0.0 -0.9 -I.S -1.4 1.0 -0.1 -2.1 
-8.9-2.5 ·S.S-3.1 0.0 -8.3-9.2 -7.0-4.0 -10.7-7.7 -S.9-S.2 -8.2-4.8 -8.2-6.9 
12% 
-1.6 -1.4 0.0 -2.5 ·1.9 -2.0 -2.0 -0.3 -3.1 
-6.0-
-9.6-3.0 -4.3-1.9 0.0 -0.9 -8.S-0.3 -S.6-2.2 -3.4-2.4 -S.2-1.6 -8.7-2.7 
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Figure 3.4.3. Median (range) change in red cell volume calculated relative to the volume 
immediately prior to drinking. 
-30 -15 0 10 20 30 40 50 60 
0% 0.2 -0.3 0.0 0.1 0.1 0.9 1.4 0.7 0.4 
-5.0-6.0 -4.1-3.3 0.0 -2.4-5.5 -3.7-2.9 -2.0-3.6 -1.9-4.6 -2.9-3.4 -1.3-2.9 
2% 
-0.1 0.9 0.0 1.2 2.1 1.9 1.5 0.9 0.7 
-4.0·2.0 -1.6-2.5 0.0 ·1.0·3.4 ·3.1-5.7 -2.4-4.3 ·1.4·5.4 ·1.2-4.8 ·2.4-4.8 
6% 0.2 ·0.1 0.0 1.2 0.3 0.7 0.8 2.0 0.1 
·1.7-4.1 ·2.6-4.6 0.0 ·2.5-3.4 -2.3·2.9 -2.2-2.7 ·2.0-3.0 -1.2·2.8 -3.7·2.4 
120/. 0.7 ·0.4 0.0 0.5 ·0.1 0.1 1.0 0.0 0.7 
·2.4· 10.9 -2.4·2.7 0.0 -1.4·2.9 ·0.9-2.3 ·1.3·3.7 -1.4-4.2 ·2.9·2.0 ·3.0-2.2 
Figure 3.4.4 Mean ± SD difference between heart rates recorded before and 19-21 
minutes after drinking. 
0% 2% 6% 12% 
Change in HR 
-5 ± 5 -2± 3 1±4 I ± 3 
Figure 3.4.5. Change in blood glucose concentration after drinking (Mean ± SD). 
-30 -15 0 10 20 30 40 50 60 
0% 4.89 4.93 4.93 5.05 5.10 5.16 5.21 5.23 5.18 
±0.55 ± 0.50 ±0.51 ±0.85 ±0.93 ±0.84 ±0.77 ±0.79 ±0.69 
2% 4.91 4.94 5.01 5.71 6.39 6.09 5.46 5.12 5.22 
±0.38 ±0.38 ±0.39 ±0.82 ± 1.22 ±0.98 ±0.74 ±0.86 ±0.78 
6% 4.77 4.87 4.89 5.73 6.84 7.66 7.21 6.64 6.06 
±0.39 ±0.43 ± 0.42 ± 1.23 ± 1.85 ±2.07 ± 1.91 ± 1.83 ± 1.66 
12% 5.17 5.08 5.10 6.44 8.00 8.51 8.27 8.30 8.00 
± 0.52 ± 0.46 ± 0.47 ± l.l0 ±2.05 ±2.00 ±2.30 ±2.30 ± 2.33 
Figure 3.4.6. Mean volume of urine produced during the trial period. 
0% 2% 6% 12% 
Urine volume (I) 
357 ± III 368 ± 102 310±83 202 ± 75 
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Chapter 4: Exercise and motor skills performance and subjective feelings during 
exercise undertaken when ingesting carbohydrate-electrolyte solutions or water. 
Figure 4.3.1. Individual and mean ± SD time (s) to exhaustion during incremental shuttle 
running test. a denotes a significant difference from the 6%and 8.2% drinks. 
Subject Water 6% 8.2% 
1 
709 732 700 
2 
701 704 726 
3 
572 621 683 
4 
714 774 754 
5 
514 541 599 
6 
732 778 745 
7 
675 722 740 
Mean±SD 660 ± 83 696± 86 707 ± 54 
Figure 4.3.2. Mean ± SD heart rate during the four shuttle running quarters and the 
shuttle running performance test. 
Quarter 1 Quarter 2 Quarter 3 Quarter 4 SRPT 
Water 134 136 139 139 163 
± IS ± 12 ± 10 ±IO ± 12 
6% 141 148 149 152 169 
± 13 ± 14 ±15 ± IS ±12 
8.2% 138 145 145 146 169 
± 14 ±14 ±16 ±13 ± 11 
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Figure 4.3.3. Mean ± SD rating of perceived exertion during the four shuttle running 
quarters and the shuttle running performance test. 
Quarter I Quarter 2 Quarter 3 Quarter 4 SRPT 
Water 
14 15 16 17 20 
± 1 ± 1 ±2 ±2 ± 1 
6% 14 15 15 16 20 
±1 ± 1 ± 1 ±2 ±o 
8.2% 
14 15 15 15 20 
± 1 ±1 ± 1 ±1 ±o 
Figure 4.3.4. Median (range) change in the time taken to complete the motor skills test in 
comparison to the pre-exercise time. 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 0.00 -0.39 -0.27 -0.16 -0.34 
0.00 -1.11-0.14 -1.20 - 0.77 -1.71-0.11 -1.34 - 0.18 
6% 0.00 -0.45 -0.28 -0.64 -0.68 
0.00 -1.01 - -0.16 -1.06 - 0.04 -1.31 - -0.25 -1.67 - -0.51 
8.2% 0.00 -0.46 -0.43 -0.74 -0.60 
0.00 -1.30 - 0.31 -1.20 - 0.24 ·1.19-0.43 -1.24-0.71 
Figure 4.3.5. Mean ± SD change in the number of errors committed while completing the 
motor skills test in comparison to the pre-exercise number. 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 0.0 0.0 0.5 0.0 1.5 
±O.O ±1.4 ± 1.8 ± 2.7 ±2.5 
6% 0.0 -1.5 -0.5 -1.0 -1.0 
±O.O ±2.0 ±0.9 ±1.3 ± 1.5 
8.2% 
0.0 -1.0 -1.0 0.5 -0.5 
±O.O ±0.7 ± 0.9 ± 1.7 ±1.3 
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Figure 4.3.6. Median (range) change in total score on the motor skills test in comparison 
to the pre-exercise score. 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
0.0 -0.6 -0.5 -0.9 -0.3 
0.0 -2.25 - -0.14 -2.46 - 0.62 -2.21 - 2.71 -1.78 - 3.39 
6% 0.0 -1.0 -1.0 -0.8 -1.1 
0.0 -1.91 -1.29 -1.31-0.16 -1.68 - 0.11 -2.0-0.18 
8.2% 
0.0 -0.8 -1.2 -0.4 -1.0 
0.0 -2.18 - 0.56 -2.64 - 0.79 -2.40 - 1.22 -3.42 - 0.86 
Figure 4.3.7. Ratings of some subjective feelings relating to exercise performance. Mean 
± SD or median (range) as appropriate. 
"How committed to performing well do you feel?" 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
6 6 9 9 4 
(1- 13) (2 - 30) (6 - 22) (4 - 28) (2 - 28) 
6% 
4 10 19 5 3 
(0 - 10) (2 - 18) (3 -40) (3 - 51) (3 - 60) 
8.2% 
7 II 9 12 6 
(I- 14) (4 - 27) (2 - 46) (4 - 50) (4 - 50) 
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"How much energy do you have now?" 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
74 66 56 27 19 
(45 - 84) (45 -79) (24 -77) (12 -74) (7 - 54) 
6% 
62 61 50 36 34 
(32 -74) (16 - 73) (10-71) (20 - 79) (18 - 83) 
8.2% 
81 70 62 61 50 
(50-93) (24 -76) (33 - 83) (12 -76) (17 - 74) 
"How 'up for running' do you feel?" (0 = not at all ready; lOO = very ready) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 58 60 43 25 27 
(31-94) (23 - 75) (11 - 70) (8 - 60) (4 - 60) 
6% 
63 61 39 46 40 
(15-85) (11 - 70) (8 - 65) (8 - 75) (7 - 71) 
8.2% 
78 67 46 39 36 
(58 - 85) (22 - 77) (21-84) (16 -70) (15-73) 
"How ready in your legs do you feel now?" (0 = not at all ready; lOO = very ready) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 66 57 38 29 28 
(50-100) (2 - 74) (14-71) (6 - 73) (0 - 63) 
6% 
61 52 44 40 33 
(29 - 82) (11 - 72) (6 - 66) (7 - 73) (3 - 73) 
8.2% 
81 65 49 49 27 
(59 - 92) (31 - 70) (31 - 85) (19-73) (12-75) 
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"How difficult was the last shuttle run?" (0 = not at all difficult; 100= very difficult) 
Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
38 60 61 70 
± 25 ±25 ±27 ± 18 
6% 
48 64 58 61 
±29 ±25 ±28 ± 27 
8.2% 
37 42 52 59 
±18 ±22 ±29 ±26 
"How difficult do you feel the next shuttle run will be?" (0 = not at all difficult; 100 = 
very difficult) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
24 30 57 75 96 
(15-61) (16 -77) (17-100) (33 - 95) (82-100) 
6% 
24 38 64 63 94 
(8 - 60) (8 - 89) (9 - 92) (6 - 88) (78-100) 
8.2% 
22 35 66 66 92 
(5 - 29) (20 - 58) (8 - 74) (12 - 87) (84-100) 
"How tired do you feel now?" (0 = not at all tired; 100 = very tired) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 51 50 67 73 80 
(9 -74) (27 - 62) (55 - 80) (52 - 89) (47-89) 
6% 
56 60 72 68 61 
(18 -77) (36 - 82) (60 - 91) (51- 88) (19-93) 
8.2% 
18 63 65 64 67 
(6 - 85) (30 - 85) (15 - 85) (36 - 79) (26 - 93) 
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"How well can you concentrate just now?" (0 = not at all well; 100 = very well) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
65 64 62 37 30 
(27 - 87) (25 - 84) (30-71) (23 -72) (12-57) 
6% 
56 59 43 36 38 
(37 - 93) (16 - 85) (11-73) (33 - 78) (13-80) 
8.2% 69 63 51 59 62 
(49 - 88) (44-86) (31 -76) (27 -77) (19-77) 
"How alert do you feel now?" (0 = not at all alert; lOO = very alert) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 55 61 49 34 31 
(18 - 86) (42 - 81) (22 -74) (12 -74) (8 -76) 
6% 
58 57 53 46 55 
(36 - 92) (21 - 81) (12-85) (20 -76) (20 -79) 
8.2% 66 66 62 56 40 
(49 - 90) (33 - 72) (49 - 73) (14 -76) (11 - 76) 
"How 'ready in mind' do you feel for exercise now?" (0 = not at all ready; 100 = very 
ready) 
Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 67 55 48 38 36 
± 21 ± 18 ±17 ±25 ±20 
6% 
55 52 37 46 45 
±25 ± 21 ±18 ±27 ±29 
8.2% 69 58 57 56 45 
±23 ± 15 ± 17 ± 18 ±26 
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Figure 4.3.8. Subjective feelings related to drink consumption. For these data subjects 
answered the questionnaire prior to drinking the initial 500ml drink (initial), and before 
the first bout of exercise (pre).Mean ± SO or median (range) as appropriate. 
"How thirsty do you feel nowT' (0 = not at all thirsty, 100 = very thirsty) 
Initial Prc-cxcrcisc Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 51 29 52 56 56 57 
±25 ±20 ± 18 ±23 ±28 ± 33 
6% 
49 38 58 61 62 67 
±24 ±20 ±25 ±28 ±14 ±25 
8.2% 55 25 47 56 57 56 
±26 ± 18 ±23 ±23 ±23 ±28 
"How refreshed do you feel now?" (0 = not at all refreshed, 100 = very refreshed) 
Initial Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 52 52 35 32 31 27 
(27 . 82) (32 - 68) (17 - 63) (12-68) (8·35) (9 - 52) 
6% 
49 32 40 44.5 37 30 
(26·73) (28 - 62) (14-57) (11-60) (16 - 59) (12-52) 
8.2% 61 67 48 38 37 28 
(19 ·85) (49 - 79) (23-61) (16 - 64) (20 - 56) (16 - 56) 
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"How full does your stomach feel now?" ( 0 = not at all full, 100 = very full) 
Initial Pre-exercise Qnarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
11 35 20 10 9 10 
(0 - 32) (23 - 89) (3 - 49) (8 - 26) (0 - 20) (1 - 18) 
6% 
4 26 19 12 17 10 
(3 - 29) (14 - 59) (3 - 28) (1 - 25) (1 - 27) (0 - 28) 
8.2% 
9 39 17 9 12 13 
(4-11) (13-68) (5 - 22) (0 - 18) (0 - 20) (0 - 46) 
"How bloated do you feel now?" (0 = not at all bloated; 100 = very bloated) 
Initial Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
8 27 17 9 15 13 
(0 - 17) (26 - 68) (0 - 42) (3 - 60) (0 - 84) (0 - 100) 
6% 
6 45 26 12 18 8 
(0 - 25) (23 - 77) (2 - 33) (0 - 25) (1-44) (0 - 84) 
8_2% 
8 29 18 11 17 21 
(0 - 20) (13-64) (3 - 28) (1 - 54) (0 - 72) (0 - 88) 
"How pleasant does your mouth taste now?" (0 = not at all bloated; 100 = very bloated) 
Initial Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
66 59 54 52 30 36 
(24 - 86) (57 - 76) (28 - 77) (14-64) (7 - 59) (0 - 80) 
6% 
56 57 54 39 39 32 
(24 - 91) (33 - 68) (16-73) (9 - 79) (7 - 74) (12-77) 
8_2% 
69 65 48 60 45 42 
(27 - 84) (41-87) (25 - 76) (15 -76) (17-81) (12 - 82) 
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"How hungry do you feel now?" (0 = not at all hungry; 100 = very hungry) 
Initial Pre-exercise Quarter I Quarter 2 Quarter 3 Qnarter 4 
Water 
82 64 81 82 80 79 
(51-99) (20 - 68) (9 - 99) (6 - 99) (6 - 98) (l - 98) 
6% 
71 68 62 49 63 69 
(46 - 98) (52 - 95) (18 - 85) (16-96) (6 - 89) (4 - 97) 
8.2% 
84 72 60 60 58 59 
(73 - 99) (49-100) (9 - 100) (12-100) (21 - 99) (5-100) 
"How sore does your head feel now?" (0 = not at all sore; 100 = very sore) 
Initial Pre-exercise Quarter 1 Quarter 2 Quarter 3 Quarter 4 
Water 
12 12 23 16 13 24 
(1 - 18) (3-15) (2 - 34) (1 - 88) (2 - 90) (3 - 89) 
6% 
23 16 23 27 22 27 
(3 - 44) (2 - 45) (1 - 91) (1 - 89) (1 - 75) (0 - 91) 
8.2% 
6 7 9 13 15 11 
(0 - 40) (l - 32) (l - 42) (4 - 56) (2 - 89) (0 - 77) 
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Chapter 5. Sweat composition as measured by regional collection and whole body wash 
down methods when exercising in two environmental conditions 
All data were presented in the chapter. 
Chapter 6. Sweat loss and fluid intake in professional football players during training. 
All data were presented in the chapter. 
Chapter 7. The effect of rehydrating with drinks differing in sodium concentration on 
recovery from moderate exercise induced hypohydration in man. 
Figure 7.3.1. Median volume of urine produced at each timepoint. 
1 mmollI 31 mmollI 40 mmol/l 50 mmolll 
Pre-exercise 0.175 0.195 0.237 0.331 
(0.075 - 0.616) (0.041 - 0.309) (0.128 - 0.562) (0.118 - 0.472) 
Post-exercise 0.034 0.045 0.040 0.043 
(0 - 0.092) (0.023 - 0.137) (0.004 - 0.227) (0.027 - 0.080) 
Post-drinking 0.048 0.047 0.049 0.048 
(0.029 - 0.120) (0 - 0.064) (0 - 0.075) (0 - 0.085) 
1 0.551 0.546 0.517 0.467 
(0.460 - 0.782) (0.437 - 0.735) (0.127 - 0.731) (0.310 - 0.630) 
2 0.489 0.318 0.217 0.140 
(0.261 - 0.616) (0.082 - 0.587) (0.043 - 0.525) (0.033 - 0.415) 
3 0.111 0.055 0.061 0.053 
(0.027 - 0.417) (0.030 - 0.275) (0 - 0.180) (0.029 - 0.234) 
4 0.047 0.045 0.053 0.048 
(0 - 0.180) (0.009 - 0.224) (0-0.158) (0.026 - 0.128) 
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Figure 7.3.2. Cumulative urine volume throughout experimental period. 
1 mmol/l 31 mmollI 40 mmoIlI 50 mmoIlI 
Post-drinking 0.059 0.041 0.043 0.047 
± 0.030 ±0.024 ±0.023 ±0.026 
1 0.638 0.606 0.539 0.516 
± 0.131 ±0.097 ±0.199 ±0.110 
2 0.979 0.931 0.802 0.690 
± 0.415 ±0.155 ± 0.285 ± 0.196 
3 1.273 1.012 0.874 0.764 
±O.292 ± 0.187 ± 0.317 ±0.244 
4 1.348 1.073 0.934 0.818 
±O.342 ±0.231 ±0.345 ± 0.268 
Figure 7.3.3. Percentage of ingested fluid retained four hours following the end of 
rehydration (Mean ± SO). 
% 
Rehydration 
1 mmol/l 
39 
± 14 
31 mmol/l 
50 
± 13 
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40 mmol/l 
60 
±14 
50 mmoIlI 
64 
± 11 
Figure 7.3.4. Net fluid balance (I) calculated from sweat losses, fluid ingested and urine 
output throughout the experiment. Values are mean ±SD. 
1 mmolll 31 mmolll 40 mmol/l 50 mmolll 
Pre-exercise 0.000 0.000 0.000 0.000 
0 0 0 0 
Post-exercise -1.517 -1.515 -0.1603 -1.577 
± 0.188 ± 0.212 ±0.223 ± 0.219 
Post-drinking 0.639 0.638 0.668 0.670 
±0.125 ±0.101 ±0.143 ±0.108 
1 0.060 0.073 0.172 0.199 
± 0.176 ±0.140 ±0.237 ± 0.172 
2 -0.380 -0.252 -0.091 0.026 
±0.245 ±0.231 0.283 ± 0.226 
3 -0.575 -0.333 -0.163 -0.048 
± 0.257 ± 0.239 0.307 ±0.252 
4 -0.650 -0.394 -0.223 -0.101 
±0.298 ±0.264 0.326 ± 0.268 
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Figure 7.3.5. Median urine osmolality at each timepoint (mOsmlkg). 
1 mmol/l 31 mmolfl 40 mmolll 50 mmol/l 
Pre-exercise 427 359 374 389 
(181-782) (189 - 1021) (216 - 500) (145 - 777) 
Post-exercise 716 648 681 732 
(356 - 986) (384 - 998) (182 - 868) (536-814) 
Post-drinking 773 728 852 772 
(246-1144) (485 - 884) (436 - 1063) (389 - 1028) 
1 101 107 120 143 
(56-161) (69-178) (76 - 364) (82 - 200) 
2 111 178 203 326 
(60-171) (71 -431) (142-715) (154 - 682) 
3 296 568 594 702 
(115 - 722) (121 -710) (333 - 1035) (333 - 833) 
4 624 752 636 864 
(256 - 991) (275 - 823) (510 - 1081) (603 - 977) 
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Figure 7.3.6. Median urine sodium concentration at each time point (mmoJ/J). 
1 mmolll 31 mmol/l 40 mmolll 50 mmolll 
Pre-exercise 75 71 64 70 
(27 - 145) (31 - 140) (30·90) (37-155) 
Post-exercise 101 94 84 99 
(72 - 143) (35 - 135) (48-119) (74-155) 
Post-drinking 74 84 98 91 
(40 - 133) (45 - 146) (62 - 153) (40 - 143) 
1 10 15 18 20 
(6 - 18) (4 - 24) (11 - 29) (7 - 33) 
2 7 33 41 67 
(4 - 24) (2 - 72) (11 - 67) (14-109) 
3 32 77 85 111 
(6 - 99) (30-114) (34-111) (42-134) 
4 43 112 116 133 
(21 - 126) (53 - 168) (59 - 139) (96 - 154) 
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Figure 7.3.7 Median urine chloride concentration at each time point (mmol/l). 
1 mmolll 31 mmol/l 40 mmoUl SO mmoIll 
Pre-exercise 79 53 60 64 
(32 - 126) (22 - 131) (24-71) (29-101) 
Post-exercise 124 98 98 114 
(69 - 135) (37-140) (38 - 124) (78 - 155) 
Post-drinking 75 68 77 91 
(28-114) (38 - 98) (49 - 120) (32 - 126) 
1 10 11 16 18 
(5 - 11) (7 - 19) (10 - 20) (11-31) 
2 10 38 38 64 
(4 - 28) (6 - 65) (15 - 67) (12-114) 
3 41 71 91 III 
(10-71) (33 - 127) (45-113) (42 - 121) 
4 57 97 99 129 
(19-100) (52 - 129) (67 - 148) (98 - 144) 
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Figure 7.3.8. Median urine potassium concentration at each time point. 
1 mmoUI 31 mmol/l 40 mmoUI 50 mmol/l 
Pre-exercise 52 34 30 34 
(29 - 75) (16 - 139) (9 - 51) (23 - 77) 
Post-exercise 117 98 94 105 
(61 - 170) (41 - 125) (30-121) (90 - 150) 
Post-drinking 66 72 59 79 
(30-151) (51 - 139) (44 - 124) (62 - 128) 
1 11 9 11 14 
(5 - 16) (6 - 17) (5 - 26) (7 - 19) 
2 10 18 18 39 
(4 - 23) (6 - 31) (11-74) (12-66) 
3 31 62 56 73 
(9 - 108) (29 - 99) (40-113) (42 - 95) 
4 69 87 66 92 
(21 - 123) (52-140) (52 - 129) (55 - 105) 
Figure 7.3.9. The relationship between net fluid balance and the net sodium balance four 
hours following finishing drinking calculated assuming a sweat sodium concentration of 
50 mmol/l for every subject. 
Net fluid 
balance 
(I) 
Net sodium 
balance 
(mmol) 
1 mmollI 
-0.650 
± 0.298 
-93 
±15 
31 mmollI 
-0.394 
±0.264 
-35 
±13 
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40 mmollI 
-0.223 
± 0.326 
-21 
±12 
50 mmol/l 
-0.101 
± 0.268 
7 
±6 
Figure 7.3.10. Mean ± SD blood volume changes calculated in relation to the volume 
following exercise. 
1 mmolll 31 mmol/l 40 mmoVl 50 mmoVl 
Pre-exercise 3.4 2.3 4.3 3.5 
±3.9 ±2.3 ± 1.7 ±3.9 
Post-exercise 0 0 0 0 
0 0 0 0 
Post-drinking 6.4 7.1 8.3 8.8 
±2.8 ± 2.7 ±2.5 ±3.0 
1 4.8 5.0 6.0 8.0 
±3.3 ±2.3 ±2.3 ±3.4 
2 4.4 4.4 5.5 8.1 
±2.8 ±1.5 ±2.3 ±3.4 
3 4.3 4.8 6.1 7.4 
±2.6 ±3.0 ±1.6 ± 4.1 
4 4.4 5.4 5.8 6.2 
±2.1 ±2.1 ±2.8 ±3.2 
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Figure 7.3.11. Mean ± SO percentage plasma volume changes calculated in relation to 
the volume following exercise. 
1 mmolll 31 mmol/l 40 mmoIll 50 mmolll 
Pre-exercise 4.7 3.4 5.9 4.0 
±5.8 ±4.2 ± 3.7 ±5.3 
Post-exercise 0 0 0 0 
0 0 0 0 
Post-drinking 9.5 11.1 12.5 14.1 
± 3.8 ±4.4 ±3.9 ±4.2 
1 7.7 7.9 9.3 12.2 
±5.7 ±3.7 ±4.0 ±5.9 
2 6.8 7.5 9.2 11.9 
±4.2 ±2.6 ± 3.7 ±5.3 
3 7.0 7.7 9.8 10.9 
±4.0 ±5.5 ±2.4 ±6.3 
4 7.2 9.1 9.0 9.7 
±3.0 ± 4.0 ±4.5 ±4.3 
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Figure 7.3.12. Median percentage red cell volume changes calculated in relation to the 
volume following exercise. 
1 mmol/l 31 mmol/l 40 mmollI 50 mmolll 
Pre-exercise 2.4 1.9 2.3 2.7 
(-1.8 - 5.0) (-1.7 - 4.2) (0.4 - 4.3) (-0.9 - 7.7) 
Post-exercise 0 0 0 0 
0 0 0 0 
Post-drinking 3.4 2.4 3.8 2.4 
(-0.6 - 6.5) (0.0 - 4.8) (1.0 - 5.8) (-1.5 - 5.8) 
1 1.6 0.7 2.0 2.2 
(-2.2 - 3.7) (-0.2 - 3.9) (0.5 - 3.8) (0.4 - 8.8) 
2 1.6 1.2 1.3 3.9 
(-1.5 - 3.1) (-1.2 - 2.7) (-1.3 - 3.1) (1.5 - 6.3) 
3 1.3 1.2 1.8 2.8 
(-2.1 - 3.9) (-0.7 - 4.4) (-0.4 - 4.0) (0.2 - 6.4) 
4 0.9 0.7 1.8 0.3 
(-1.2 - 3.6) (-2.1 - 4.4) (0.0 - 3.8) (-0.5-8.1) 
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Figure 7.3.13. Median serum osmolality at each time point. 
1 mmol/l 31 mmol/l 40 mmol/l 50 mmolll 
Pre-exercise 286 287 289 287 
(284·303) (278 - 295) (283·291) (281 ·290) 
Post-exercise 292 291 293 291 
(285.299) (284·299) (286 - 296) (283 . 303) 
Post-drinking 282 284 287 284 
(278 - 288) (274 - 294) (284 - 291) (281-291) 
1 283 281 285 285 
(275 - 285) 275 - 287) (284 - 291) (279 - 291) 
2 284 285 287 283 
(280 - 288) (280 - 290) (280 - 291) (276 - 287) 
3 283 284 285 285 
(281 - 294) (277 - 290) (282 - 291) (279 - 287) 
4 284 282 285 287 
(278 - 295) (274 - 290) (283 - 292) (285 - 290) 
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Figure 7.3.14. Serum sodium concentration at each time point. 
1 mmoIJI 31 mmol/l 40 mmol/l 50 mmoIJI 
Pre-exercise 139 140 139 139 
±4 ±3 ±2 ±2 
Post-exercise 140 141 140 140 
±4 ±4 ±3 ±2 
Post-drinking 136 138 137 139 
±4 ±4 ±2 ±4 
1 137 138 138 138 
±4 ±4 ±2 ±3 
2 138 138 137 138 
±4 ±4 ± 1 ±3 
3 137 138 137 138 
±4 ±3 ± 1 ±4 
4 137 137 137 138 
±4 ±3 ±2 ±3 
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Figure 7.3.15. Mean ± SD serum chloride at each time point. 
1 mmolfl 31 mmollI 40 mmol/l 50 mmoIlI 
Pre-exercise 100 100 101 101 
±3 ±2 ±3 ±3 
Post-exercise 102 102 102 105 
±3 ±3 ±3 ±5 
Post-drinking 99 99 100 103 
±3 ±2 ±3 ±5 
1 100 102 102 105 
±3 ±3 ±3 ±3 
2 101 102 101 104 
±3 ±2 ±3 ±3 
3 100 100 102 102 
±3 ±2 ±2 ±2 
4 100 101 101 103 
±3 ±2 ±3 ±4 
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Figure 7.3.16. Mean ± SO serum potassium concentration at each time point. 
1 mmollI 31 mmoIlI 40 mmoIlI 50 mmol/l 
Pre-exercise 4.8 4.7 4.8 4.8 
±0.4 ±0.4 ±0.4 ±0.4 
Post-exercise 4.6 4.4 4.6 4.8 
±O.6 ±OA ±0.4 ±0.4 
Post-drinking 4.7 4.5 4.6 4.7 
±0.5 ±OA ±0.4 ±OA 
1 4.6 4.4 4.6 4.6 
±0.5 ±0.3 ±0.4 ±OA 
2 4.5 4.4 4.5 4.4 
±0.5 ±0.4 ± 0.4 ± 0.2 
3 4.7 4.5 4.6 4.6 
±0.5 ±0.3 ± 0.3 ±0.4 
4 4.6 4.6 4.6 4.7 
±OA ±0.4 ± 0.3 ±0.3 
Figure 7.3.17. Exercise time to exhaustion during the exercise capacity test. Values are 
mean± SO. 
Time to 
exhaustion (s) 
1 mmol/l 
521 
± 86 
31 mmol/l 
499 
±86 
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40 mmol/l 
515 
± 84 
50 mmol/l 
532 
± 81 
Figure 7.3.18. "How thirsty do you feel now?" (0 = not at all thirsty; 100 = very thirsty). 
1 mmoUI 31 mmol/l 40 mmollI 50 mmoIlI 
Pre-exercise 32 38 42 54 
(11 - 78) (16-66) (6 - 70) (19-83) 
Post-exercise 88 88 87 92 
(65 - 98) (68 - 99) (69 - 96) (81 - 100) 
Post-drinking 5 4 9 4 
(0 - 19) (I - 17) (I - 19) (I - 18) 
1 28 23 29 28 
(8 - 70) (13-73) (5 - 66) (2 - 75) 
2 58 44 44 44 
(13-83) (3 - 76) (9 - 78) (10 -77) 
3 69 50 70 65 
(13-88) (13 - 71) (23 - 86) (35 - 84) 
4 78 73 70 79 
(5 - 90) (20 - 79) (17 - 92) (43-94) 
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Figure 7.3.19. "How bloated do you feel now?" (0 = not at all bloated; 100 = very 
bloated). 
1 mmol/l 31 mmol/l 40 mmoIlI 50 mmollI 
Pre-exercise 14 6 12 14 
(1·31) (I ·43) (I . 53) (0·44) 
Post-exercise 10 2 2 3 
(0·70) (0 - 16) (0 - 30) (0 - 10) 
Post-drinking 70 77 80 73 
(14-95) (22 - 95) (40 - 87) (61-86) 
1 18 14 24 23 
(3 - 60) (I - 52) (0 - 53) (0 - 66) 
2 11 6 10 9 
(0 - 26) (0 - 24) (0 - 29) (0 - 24) 
3 3 2 4 
(0 - 15) (0 - 17) (0 - 21) (0 - 11) 
4 6 3 3 
(0 - 39) (0 - 14) (0 - 29) (0 - 66) 
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Figure 7.3.20. "How refreshed do you feel now?" (0 = not at all refreshed; 100 = very 
refreshed). 
1 mmol/l 31 mmol/l 40 mmolll 50 mmo1l1 
Pre-exercise 50 45 43 40 
±20 ±17 ±25 ± 21 
Post-exercise 25 23 23 6 
±20 ± 23 ± 12 ±6 
Post-drinking 62 59 61 58 
±19 ±24 ±19 ±16 
1 51 56 53 47 
±IO ±19 ± 11 ± 21 
2 42 47 39 39 
±17 ± 23 ± 18 ±16 
3 45 37 39 44 
± 17 ±18 ±20 ± 21 
4 34 42 31 31 
±23 ±19 ±20 ±20 
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Figure 7.3.21. "How hungry do you feel now?" (0 = not at all hungry; 100 = very 
hungry). 
1 mmol/l 31 mmol/l 40 mmol/l 50 mmolll 
Pre-exercise 56 73 53 73 
±17 ± II ± 17 ± 12 
Post-exercise 61 65 54 59 
±27 ±20 ±25 ±33 
Post-drinking 52 56 45 54 
±32 ±20 ±22 ±22 
1 76 81 71 82 
±15 ± 15 ± 17 ± 12 
2 82 87 78 82 
±20 ±13 ±17 ±12 
3 87 89 86 93 
±16 ±14 ±12 ±6 
4 90 94 90 90 
±15 ±IO ±IO ±12 
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Figure 7.3.22. "How tired do you feel now?" (0 = not at all tired; 100 = very tired). 
1 mmol/l 31 mmol/l 40 mmolll 50 mmolll 
Pre-exercise 50 53 56 54 
(16-81) (19 - 96) (15 - 69) (17-83) 
Post-exercise 72 63 68 78 
(23 - 97) (30 - 98) (41-79) (25 - 94) 
Post-drinking 44 60 53 60 
(26 - 85) (26 - 70) (24 - 67) (52 - 84) 
1 65 57 62 72 
(33 - 93) (19 - 87) (23 - 89) (47 - 84) 
2 71 65 69 70 
(23 - 79) (16 - 95) (29 - 80) (20 - 82) 
3 53 62 56 65 
(9 - 86) (26 - 83) (28 - 81) (18 - 93) 
4 68 49 69 55 
(29 - 79) (26 - 75) (25 - 83) (35 - 94) 
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Figure 7.3.23. "How sore is your head just now?" (0 = not at alJ sore; lOO = very sore). 
1 mmolll 31 mmolll 40 mmol/l 50 mmol/l 
Pre-exercise 8 13 21 6 
(0 - 52) (0 - 66) (I - 56) (0 - 62) 
Post-exercise 65 56 65 65 
(13 - 96) (5 - 76) (4 - 80) (13 - 77) 
Post-drinking 32 16 34 25 
(3 - 67) (1-64) (3 - 62) (2 - 52) 
1 32 22 29 36 
(2 - 66) (2 - 47) (I - 63) (5 - 67) 
2 23 27 45 35 
(4 - 71) (2 - 53) (10-75) (I - 66) 
3 27 37 42 28 
(2 - 71) (I - 78) (3 - 68) (I - 65) 
4 32 53 66 30 
(3 - 66) (4 - 62) (6 - 80) (3 - 82) 
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" 
Subject Number: __ _ 
not at all thirsty 
not at all full 
not at all bloated 
not at all hungry 
not at all pleasant 
not at all tired 
not at all alert 
Questionnaire 
Trial Number : ___ _ 
Subjective feeling 
How thirsty do you feel now? 
How full does your stomach feel now? 
How bloated do you feel now? 
How hungry do you feel now? 
How does your mouth taste now? 
How tired do you feel now? 
How alert do you feel now? 
How well can you concentrate just now? 
not at all well 
How does your head feel now? 
not at all sore 
Date: ____ _ 
very thirsty 
very full 
very bloated 
very hungry 
very pleasant 
very tired 
very alert 
very well 
very sore 
I 
I 
i 
1 
I , 
, 
I 
I 
How refreshed do you feel now? 
not at all refreshed very refreshed 
How much energy do you feel you have now? 
no energy full of energy 
How strong do you feel? 
not al all strong very strong 
How difficult was the shuttle running you have just completed? 
not at all difficult very difficult 
How "ready in your legs" do you feel for exercise? . 
not at all ready can't wait to start 
How "ready in mind" do you feel for exercise? 
not at all ready can't wait to start 
How "up for running" do you feel at the moment? 
not at all "up for it" can't wait to start 
How easy do you think the next shuttle run will be to complete? 
very easy very difficult 
How committed are you to doing the best you can in the next shuttle run? 
very committed not at all committed 
.. ~ 
---------
Appendix ill Subjective Feelings Questionnaire 
Subject: Trial: 
How thirsty do you feel now? 
Not at all thirsty Very Thirsty 
How hungry do you feel now? 
Not at all hungry Very hungry 
How bloated do you feel now? 
Not at all bloated Very bloated 
How refreshed do you feel?, 
Not at all refreshed Very refreshed 
How tired are you? 
Not at all tired Very tired 
How does your head feel now? 
Not at all sore Very sore 
_. "''''~ 

il 
